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SECTION  I 
INTRODUCTION 

While  lubricating  and  cooling  the  oil-wetted  components  of 
the  turbine  engine,  the  lubricating  oil  experiences  various 
environmental  stresses  which  cause  the  oil's  basestock  to  undergo 
thermal  and  oxidative  degradation.  As  long  as  the  lubricant  is 
adequately  protected  by  an  antioxidant  system,  the  oxidative 
degradation  of  the  oil's  basestock  and  the  changes  in  the 
lubricating  oil's  properties  are  minimal.  Since  the  antioxidants 
are  depleted  with  engine  operating  time,  they  eventually  become 
ineffective  allowing  large  changes  to  occur  in  the  physical 
properties  of  the  lubricant.  The  large  changes  in  the  physical 
properties  of  the  lubricant  signify  the  end  of  its  stable  life 
and  result  in  excessive  oil  degradation,  coking,  component  wear 
and  eventual  failure  of  the  engine.  The  length  of  engine  operat¬ 
ing  time  from  the  time  a  lubricant  is  sampled  until  the  end  of 
lcs  stable  life  is  referred  to  as  "Remaining  Lubricant  Life." 

To  ensure  that  a  lubricant  is  not  used  past  the  end  of  its 
stable  life,  the  Air  Force  uses  scheduled  oil  changes.  Because 
the  scheduled  oil  changes  are  inherently  conservative,  lubricants 
with  remaining  lubricant  lives  are  discarded.  Therefore,  the 
ability  to  assess  the  remaining  lubricant  life  of  an  oil  sample 
would  eliminate  the  need  for  scheduled  oil  changes  providing 
savings  in  material  and  labor  costs  to  the  Air  Force. 

However,  the  only  te.jts  currently  available  to  the  Air  Force 
for  assessing  remaining  lubricant  life  are  long  term  stability 
tests.  The  analytical  techniques  used  to  detect  changes  in  the 
physical  properties  (viscosity,  total  acid  number,  volatility, 
etc. )  of  a  lubricant  during  the  long  term  stability  tests  are 
incapable  of  assessing  remaining  lubricant  life. 

Therefore,  research  was  conducted  to  develop  a  remaining 
lubricant  life  assessment  test  suitable  for  use  by  the  Air  Force. 
The  work  reported  herein  was  performed  in  three  tasks.  In  the 
first  task,  analytical  techniques  capable  of  performing  remaining 


lubricant  life  assessments  were  identified,  optimized,  and 
initially  evaluated.  In  the  second  task,  the  best  analytical 
techniques  were  developed  into  remaining  lubricant  life  assess¬ 
ment  test  candidates.  Performance  criteria  were  then  used  to 
evaluate  the  suitability  of  each  test  candidate  for  use  by  the 
Air  Force.  In  the  third  task,  the  selected  candidate  was 
developed  into  a  remaining  lubricant  life  assessment  test. 

The  results  and  discussion  of  the  remaining  lubricant  life 
assessment  test  candidates  are  presented  in  Section  II,  while 
Section  III  discusses  the  conclusions  and  recommendations  derived 
from  the  research  conducted.  The  preparation  and  characteriza¬ 
tion  of  the  stressed  MIL-L-7808  oils  used  in  the  development  of 
the  remaining  lubricant  life  assessment  test  candidates  are 
discussed  in  Appendix  A.  The  equipment  and  procedures  used  to 
develop  the  remaining  lubricant  life  assessment  test  candidates 
are  discussed  in  Appendix  B. 
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SECTION  II 

RESULTS  AND  DISCUSSION 

1.  TASK  1.  IDENTIFICATION  OF  REMAINING  LUBRICANT  LIFE 
ASSESSMENT  TEST  CANDIDATES 

a.  Introduction 

The  objective  of  Task  1  was  to  identify,  optimize,  and 
initially  evaluate  analytical  techniques  capable  of  assessing  the 
remaining  lubricant  lives  (RLL)  of  MIL-L-7808  lubricating  oils. 
The  RLL  of  a  MIL-L-7808  oil  is  dependent  upon  the  amount  of 
antioxidant  capacity  remaining  in  the  oil  sample  to  inhibit  the 
autoxidation  of  the  oil's  ester  basestock  (RH)  which  occurs  by 


the  following  reaction  schemes 

RH  +  02  — >  R*  +  H02«  (1) 

R*  +  02  — >  ROO*  (2) 

ROO*  +  RH  — *  ROOH  +  R*  (3) 

ROOH  — »  RO*  +  •  OH  ( 4  ) 


The  primary  inhibition  reactions  of  the  antioxidant  systems  (AH) 
used  in  MIL-L-7808  oils  are  the  following  reactions: 

Direct  Oxidation  [Inhibits  Reaction  (1)] 

AH  +  02 — ►  A*  +  H02«  (5) 

Free  Radical  Trap  [Inhibits  Reaction  (3)] 

AH  +  ROO* — *  ROOH  +  A  ♦  (  6  ) 

Recombination  [Inhibits  Reaction  (3)] 

A*  +  ROO* — *  molecular  species  (7) 

Hydroperoxide  Decomposer  [Inhibits  Reaction  (4)] 

AH  +  ROOH  — -*■  molecular  species  (8) 

Due  to  the  variety  of  inhibition  reactions,  the  litera¬ 
ture  search  was  used  to  identify  a  wide  range  of  analytical 
procedures  with  RLL  assessing  capabilities.  The  analytical 
procedures  identified  during  the  literature  search  can  be 
categorized  into  two  main  groups.  The  first  group  contains 
analytical  techniques  which  determine  the  concentration  of  each 
antioxidant  species  present  in  the  oil  sample.  The  antioxidant 
concentrations  are  then  used  to  calculate  the  RLL  value. 


The  second  group  contains  analytical  techniques  which 
directly  determine  the  amount  of  antioxidant  capacity  remaining 
in  the  y ' e  to  inhibit  u  particular  autoxidation  reaction 
(Reactions  •  4)  of  the  ester  basestock.  Thus  the  success  of  each 
analytical  technique  in  the  second  group  is  dependent  upon  the 
importance  of  the  corresponding  inhibition  reaction  (Reactions  5- 
8)  to  the  RLL  of  the  oil  sample. 

Once  an  analytical  technique  was  identified,  it  was 
evaluated  using  the  criteria  summarized  in  Table  1.  If  the 
identified  procedure  could  be  modified  to  use  a  sample  size  less 
than  5  cc  and  an  analysis  time  less  than  10  minutes,  the  tech¬ 
nique's  RLL  assessing  capabilities  were  studied.  Ester 
basestocks  (uninhibited),  fresh  MIL-L-7808  lubricating  oils 
(obtained  from  AFWAL/POSL),  a  set  of  laboratory  stressed  oil 
samples  produced  from  a  MIL-L-7808  oil,  and  authentic  used  MIL-L- 
7808  oil  samples  were  used  to  optimize  and  evaluate  the 
identified  analytical  procedures'  RLL  assessing  capabilities. 

A  summary  of  the  analytical  procedures  that  were  iden¬ 
tified  and  initially  evaluated  in  Task  1  is  presented  in 
Table  2.  The  analytical  techniques  are  listed  in  the  order  of 
their  ranking  as  remaining  lubricant  life  assessment  test  ( RLLAT ) 
candidates. 

The  studies  used  to  optimize  and  evaluate  the  potentials 
of  the  various  analytical  procedures  for  development  into  RLLAT 
candidates  are  described  herein.  The  analytical  procedures  are 
discussed  in  the  same  order  as  in  Table  2. 

b.  Voltammetric  Techniques 

(1)  Introduction 

Electroanaly tical  methods  based  on  current-voltage- 
time  relationships  at  micro-electrodes  are  referred  to  as 
voltammetry.  Usually  the  potential  is  varied  linearly  with  time 
and  the  current  is  recorded  as  a  function  of  the  potential.  When 
the  starting  and  ending  potentials  are  identical  and  the  poten¬ 
tial  waveform  is  triangular  (Figure  la),  the  experiment  is 
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Figure  1.  Typical  Triangular  Waveform  (a)  Used  by  Cyclic  Voltammetry 
and  a  Typical  Current-Potential  Curve  (Voltammogram)  (b) 
Produced  by  Cyclic  Voltammetry  (Reproduced  from  Reference 
1),  E  ■  Potential  and  i  ■  Current. 


usually  called  cyclic  voltammetry  and  a  voltammograph  of  the  type 
shown  in  Figure  lb  is  produced. 

Initially  (Point  A  in  Figure  lb),  the  rate  of  the 
electrochemical  reaction  is  so  slow  that  virtually  no  current 
flows  through  the  cell.  As  the  voltage  is  increased  (Point  1  to 
Point  2  in  Figure  la),  the  electroactive  species  at  the  micro¬ 
electrode's  surface  begin  to  oxidize  producing  the  anodic  rise 
(Point  B  in  Figure  lb)  in  the  current.  As  the  potential  in¬ 
creases  further,  the  decrease  in  the  electroactive  species' 
concentration  at  the  electrode  surface  and  the  exponential  in¬ 
crease  of  the  oxidation  rate  lead  to  a  maximum  (Point  C  in 
Figure  lb)  in  the  current-potential  curve.  The  current  then 
decreases  to  the  diffusion-limited  anodic  current  value  (Point  D 
in  Figure  lb).  The  produced  peak  is  referred  to  as  the  oxidation 
wave.  The  direction  of  applied  voltage  is  then  reversed  (Point  F 
in  Figure  lb)  and  becomes  more  cathodic  with  time  (Point  2  to 
Point  3  in  Figure  la).  When  the  voltage  becomes  sufficiently 
cathodic,  the  oxidized  species  at  the  surface  of  the  micro¬ 
electrode  begin  to  reduce  producing  the  cathodic  rise  (Point  G  in 
Figure  lb)  in  the  current.  Again  a  maximum  current  is  obtained 
(Point  H  in  Figure  lb),  and  the  current  decreases  with  decreasing 
potential  until  the  cycle  is  completed  or  a  new  cycle  is  in¬ 
itiated  (Point  I  in  Figure  lb).  The  produced  peak  is  referred  to 
as  the  reduction  wave. 

Although  cyclic  voltammetry  has  been  used  exten¬ 
sively  in  the  analysis  of  secondary  aromatic  amines 
(Reference  1),  it  has  not  been  used  to  analyze  the  aromatic  amine 
antioxidants  of  MIL-L-7808  lubricating  oils.  However,  cyclic 
voltammetry  was  identified  as  a  possible  RLLAT  candidate  because 
it  requires  sample  sizes  less  than  1  cc,  is  simple  to  operate, 
requires  less  than  20  seconds  to  perform  an  analysis,  and  re¬ 
quires  very  inexpensive  instrumentation  (less  than  $900). 

To  obtain  preliminary  data  on  cyclic  voltammetry, 
samples  of  fresh  TEL-4005  oil,  its  ester  basestock,  and  a  used 
MIL-L-7808  oil  were  sent  to  Bioanaly t ical  Systems  for  analysis. 


The  cyclic  voitammograms  of  the  basestock  and  fresh  MIL-L-7808 
oil  and  of  the  fresh  MIL-L-7808  oil  and  used  MIL-L-7808  oil 
sample  are  shown  in  Figures  2  and  3,  respectively. 

As  seen  in  Figure  2,  the  basestock  (A)  produces  no 
discernible  peaks,  while  the  fresh  MIL-L-7808  oil  (B)  produces  a 
large  oxidation  wave  (1)  and  two  smaller  reduction  waves  (2)  and 
(3).  Also,  the  sizes  of  the  oxidation  and  reduction  waves  of  the 
cyclic  voitammograms  decrease  with  engine  operating  time 
(Figure  3).  Therefore,  the  observed  peaks  were  assigned  to  the 
oxidation,  then  reduction,  of  the  antioxidants  present  in  the 
MIL-L-7808  oils.  Consequently,  cyclic  voltammetry  was  deemed 
capable  of  RLL  analyses. 

Therefore,  the  effects  of  different  experimental 
parameters  on  the  capability  of  cyclic  voltammetry  to  assess  RLL 
by  quantifying  the  antioxidants  in  MIL-L-7808  oils  and  by  alter¬ 
native  methods  were  studied.  The  experimental  parameters  studied 
during  this  investigation  included  solvent  type,  working 
electrode  type,  electrolyte  type,  scan  rate,  multiple  scans, 
additive  interferences,  formulation  dependency,  and  oxidation 
product  interferences.  The  effects  of  organic  bases  and  free 
radical  initiators  on  the  cyclic  voitammograms  of  fresh  and 
laboratory  stressed  MIL-L-7808  oils  were  also  studied. 

(2)  Effect  of  Solvent  Type 

In  the  preliminary  work  performed  by  Bioanalytical 
Services,  acetonitrile  Was  used  as  the  solvent  and  tetraethyl- 
ammonium  perchlorate  (TEAP)  was  used  as  the  electrolyte. 

Although  acetonitrile  is  commonly  used  in  cyclic  voltammetry,  it 
is  fairly  toxic  and  can  be  absorbed  through  the  skin.  Therefore, 
a  study  was  performed  to  find  a  more  suitable,  less  toxic,  sol¬ 
vent  system  for  use  in  the  cyclic  voltammetry  technique.  The 
solvents  acetonitrile,  acetone,  ethanol,  methanol,  and  propylene 
carbonate  were  used  as  received.  A  200  pi  sample  of  TEL-4005 
MIL-L-7808  lubricating  oil  was  added  to  10  ml  of  solvent  for  this 
study.  A  platinum  working  electrode  in  combination  with  a 


Figure  3.  Voltammograms  of  the  Fresh  TEL-4005  and  an  Used  KLL-L-7808  Oil  Sample  (J79  Engine 
450  Ho«>-s  Since  Oil  Change)  in  AcEtonitrile  With  a  Platinum  Working  Electrode, 


platinum  wire  auxiliary  electrode  and  a  Ag/AgCl  reference 
electrode  were  used  to  produce  the  voltammograms.  A  rate  of 
250  mV/sec  was  used  to  scan  the  voltage  range  of  -0.1  to  +1.9 
volts.  Therefore  one  complete  scan  (-0.1  V  to  +1.9  V  then  back 
to  0.1  V)  took  approximately  16  seconds  to  complete. 

The  TEAP  electrolyte  was  soluble  enough  to  produce 
a  concentration  of  0.1  M  in  all  of  the  solvents  except  ethanol. 
The  TEAP  electrolyte  did  not  have  sufficient  solubility  in 
ethanol  to  produce  a  vo.ltammogram,  and  consequently ,  ethanol  was 
not  studied. 

The  vo It ammo grams  produced  in  acetonitrile  for  the 
solvent  and  the  100  and  200  pi  samples  of  the  TEL-4005  oil  are 
shown  in  Figure  4.  The  oxidation  wave  (A  in  Figure  4)  is 
produced  by  the  oxidation  of  the  antioxidants  while  the  reduction 
waves  (B  and  C  in  Figure  4)  are  produced  by  the  reduction  of  the 
oxidized  products  of  the  antioxidants. 

In  Figures  5  and  6  the  voltammograms  produced  in 
propylene  carbonate  and  methanol  for  the  solvent  and  the  200  pi 
sample  of  the  TEL-4005  oil  are  shown.  Even  though  propylene 
carbonate  is  a  commonly  used  solvent  in  cyclic  voltammetry,  the 
oxidation  wave  (A  in  Figure  5)  is  very  weak  compared  to  the  wave 
obtained  using  acetonitrile  (Figure  4}  and  the  reduction  waves 
are  not  observed.  As  illustrated  in  Figure  6,  the  voltammogram 
for  the  oil  sample  in  methanol  does  not  contain  any  peaks  that 
can  be  assigned  to  the  antioxidants. 

Figure  7  shows  the  voltammograms  produced  in 
acetone  for  the  solvent  and  the  200  1  sample  of  the  TEL-4005 

oil.  The  oxidation  wave  (A  in  Figure  7)  is  much  stronger  in 
acetone  than  in  acetonitrile  (Figure  4).  The  reduction  waves  (B 
and  C  in  Figure  7)  are  also  observed. 

Since  acetone  is  a  very  common  solvent,  less  expen¬ 
sive  than  acetonitrile,  and  basically  nontoxic,  acetone  was  used 
for  the  rest  of  the  following  work. 


Figure  Voltaamograms  of  100  and  200  yl  Samples  of  the  Fresh  TEL-4005  Oil 
in  Acetonitrile  with  a  Platinum  Working  Electrode. 


Figure  5C  Voltamograii  of  a  200  pi  Sample  of  the  Fresh  TEL— 4005  Oil 
in  Propylene  Carbonate  with  a  Platinum  Working  Electrode. 


Platinum  Working  electrode. 


Figure  7.  Voltammogram  of  a  200  yl  Sample  of  the  Fresh  TEL-4005  Oil  in 
Acetone  with  a  Platinum  Working  Electrode. 


(3)  Effect  of  working  Electrode 

In  order  to  determine  the  best  working  electrode 
for  use  in  acetone,  carbon  paste,  glassy  carbon,  platinum  and 
gold  working  electrodes  were  studied.  A  scan  rate  of  250  mV/sec 
was  used  but  the  voltage  range  was  reduced  to  -0.3  V  to  +1.4  V  in 
order  to  eliminate  the  peaks  produced  by  the  TEAP  electrolyte  (D 
in  Figure  7). 

The  carbon  paste  electrode  disintegrated  in  the 
acetone  before  a  single  scan  could  be  completed.  The  voltam- 
mograms  produced  by  the  glassy  carbon,  gold,  and  platinum 
voltammetry  electrodes  are  shown  in  Figure  8.  As  illustrated  in 
E’igure  8,  the  glassy  carbon  electrode  produces  the  best  resolved 
reduction  waves  (B)  and  (C)  and  produces  the  largest  oxidation 
wave  (A). 

The  glassy  carbon  electrode  is  ideally  suited  for 
routine  determinations  due  to  its  high  mechanical  stability  and 
the  simple  polishing  procedure  required  to  dean  the  surface  of 
the  electrode.  The  polishing  procedure  requires  only  a  couple 
minutes  to  complete.  Therefore,  the  glassy  carbon  electrode  was 
used  for  the  following  work. 

(4)  Effect  of  Electrolyte 

In  an  attempt  to  further  decrease  the  cost  per 
sample  of  the  cyclic  voltammetry  technique,  LiClO^  was  studied  as 
an  electrolyte.  Besides  its  lower  cost,  LiClO^  can  be  obtained 
in  anhydrous  form,  is  very  soluble  in  acetone  (137  g/100  g  of 
acetone)  and  has  a  lower  molecular  weight  than  TEAP  so  that  less 
LiC104  is  needed  to  produce  a  0.1  M  solution.  The  results  for 

0.1  M  solutions  of  LiClO.  and  TEAP  in  acetone  were  identical. 

4 

Therefore,  LiClO^  was  used  as  the  electrolyte  for  the  following 
work. 

(5)  Effect  of  Scan  Rate 

To  determine  the  effect  of  the  scan  rate,  voltam- 
mograms  were  produced  using  scan  rates  of  750,  500,  and 


250  mV/sec.  As  illustrated  in  Figure  9,  the  oxidation  wave  (A) 
increases  in  intensity  and  shifts  to  a  higher  potential  as  the 
scan  rate  is  increased.  The  optimum  resolution  of  the  reduction 
waves  (B  and  C  in  Figure  9)  are  obtained  with  a  scan  rate  of 
500  mV/sec.  At  the  higher  scan  rate  of  750  mV/sec,  the  reduction 
waves  (B  and  C  in  Figure  9)  are  greater  in  intensity  but  are 
broader  and  less  defined.  Also,  the  background  increases  with 
the  scan  rate.  Thus,  a  scan  rate  of  500  mV/sec  was  used  for  the 
following  research. 

(6)  Effect  of  Additives 

To  determine  if  additives  other  than  the  an¬ 
tioxidants  are  contributing  to  the  voltammograms  of  the  MIL-L- 
7808  lubricating  oils,  the  voltammograms  of  quinizarin 
(anticorrosion),  tricresylphosphate  (TCP)  (antiwear),  and  TCP's 
degradation  products  (o-  and  p-cresol)  were  compared  to  the 
voltammogram  of  the  blank.  None  of  the  compounds  studied 
produced  oxidation  or  reduction  waves  in  the  range  of  -0.3  V  to 
1.4  V. 


(7)  Effect  of  Formulation 

To  determine  the  effects  of  formulation  on  the 
antioxidant  determinations  by  cyclic  voltammetry,  the  voltam¬ 
mograms  for  the  six  different  MIL-L-7808  lubricating  oils,  TEL- 
4001  through  TEL-4006  oils  (obtained  from  AFWAL/POSL),  were 
recorded  and  are  shown  in  Figures  10  and  11.  The  voltammograms 
are  displayed  using  a  scale  of  0,2  V/inch  instead  of  0.1  V/inch 
so  that  they  could  be  combined  into  two  figures,  instead  of  six 
separate  ones,  to  facilitate  comparison. 

As  illustrated  in  Figures  10  and  11,  all  six  MIL-L- 
7808  oils  appear  to  contain  similar  antioxidants  (waves  occur  at 
similar  potentials),  but  only  the  TEL-4002  and  TEL-4004  oils 
contain  similar  ratios  of  antioxidants  (voltammograms  of  similar 
shape).  Of  the  lubricating  oils  studied,  the  TEL-4001  oil  ap¬ 
pears  to  have  the  lowest  concentration  of  antioxidants  (smallest 


Figure  9.  Effect  of  the  Scan  Bate  (mV/ sec)  on  the  Voltaamogram  of  the  Fresh  TEL-4005 
Oil  in  Acetone  with  a  Glassy  Carbon  Working  Electrode. 


waves)  while  TEL-4003  oil  appears  to  have  the  highest  concentra¬ 
tion  (largest  waves). 

(8)  Calibration  Curves  of  Antioxidants  in 

MIL-L-7808  Oil 

In  order  that  calibration  curves  could  be  produced 
for  the  antioxidants  in  a  MIL-L-7808  oil,  a  gas  chromatographic 
analysis  using  a  thermionic  specific  detector  [sensitive  only  to 
compounds  containing  N  (antioxidants)  and  P]  was  performed  on 
TEL-4005  oil.  It  was  determined  that  the  antioxidants  used  in 
TEL-4005  oil  are  N-phenyl-  a-naphthylamine  (PANA)  and  dioctyl- 
diphenyl  amine  (DODPA). 

To  quantify  the  DODPA  and  PANA  in  the  TEL-4005  MIL- 
L-7808  oil,  cyclic  voltammograms  were  produced  for  sequential 
additions  of  20  and  40  pi  of  1%  solutions  of  DODPA  and  PANA  to 
10  ml  of  acetone  (Figure  12).  The  calibration  curves  produced  by 
thi3  procedure  are  shown  in  Figure  13  for  both  the  oxidation  and 
reduction  waves  of  PANA  and  DODPA.  Sinco  the  cyclic  voltammetric 
responses  are  dependent  on  concentration  (molarity)  and  an¬ 
tioxidant  concentrations  are  usually  given  in  percent  weight,  the 
responses  were  plotted  versus  both  concentration  and  percent 
weight  of  antioxidant. 

As  illustrated  in  Figure  13,  the  oxidation  waves 
are  twine  as  sensitive  to  PANA  as  to  DODPA,  but  the  reduction 
waves  of  PANA  and  DODPA  are  of  similar  sensitivities. 

Due  to  the  different  sensitivites  of  the  oxidation 
waves  to  DODPA  and  PANA,  their  ratio  must  be  known  before  a  total 
concentration  of  antioxidant  can  be  determined.  For  instance,  in 
Figure  11  the  TEL-4005  oil  appears  to  contain  much  less  total 
antioxidant  than  the  TEL-4004  oil,  but  if  the  ratio  of  DODPA/PANA 
is  greater  for  the  TEL-4005  oil  than  for  the  TEL-4004  oil,  they 
may  have  similar  total  concentrations  of  antioxidants. 

Thus,  it  appears  that  the  reduction  waves  of  the 
cyclic  voltammograms  are  better  suited  for  quantifying  the  an¬ 
tioxidants  in  the  MIL-L-7808  oils.  The  response  of  the  reduction 
waves  is  similar  for  PANA  and  DODPA  (Figure  13)  and  two  reduction 


waves  are  produced  by  TEL-4005  oil,  presumably  for  DODPA  and  PANA 
(Figure  2)  (DODPA  and  PANA  produce  one  combined  oxidation  wave). 

(9)  Effect  of  Successive  Scans  on  Voltammograms  of 

MIL-L-7808  Oils 

To  determine  the  effects  of  electrochemical  oxida¬ 
tion  on  the  voltammograms  of  the  different  MIL-L-7808  oils,  the 
voltammograms  produced  by  successive  scans  were  studied.  By 
studying  the  voltammograms  of  successive  scans,  new  compounds 
produced  by  the  electrochemical  oxidation  of  the  antioxidants 
could  be  observed.  The  cyclic  voltammograms  produced  by  the 
first  and  fifth  scans  for  each  MIL-L-7808  oil  are  shown  in 
Figures  14-16. 

As  seen  in  Figures  14-16,  the  oxidation  wave  (A)  at 
800  mV  of  each  oil  is  decreased  for  the  fifth  scan  in  comparison 
to  the  first  scan.  However,  the  reduction  waves  of  each  oil 
increase  for  the  fifth  scan  as  compared  to  the  first  scan.  In 
addition  to  the  oxidation  wave  at  800  mV  seen  in  the  voltammogram 
of  the  first  scan,  new  oxidation  waves  between  550  and  800  mV  (B 
in  Figures  14-16)  are  present  in  the  voltammogram  of  the  fifth 
scan.  New  oxidation  waves,  similar  to  those  seen  in  Figures  14- 
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16,  were  also  present  in  the  fifth  scan  voltammograms  of 
different  PANA/DODPA  mixtures  (Figure  17). 

Therefore,  regardless  of  the  MIL-L-7808  oil's 
formulation,  new  compounds,  which  oxidize  between  550-800  mV,  are 
produced  by  the  electrochemical  oxidation  of  the  antioxidants. 

(10)  Effect  of  Oxidation  Products 

It  has  been  determined  by  high  pressure  differen¬ 
tial  scanning  calorimetry  (Reference  2)  that,  with  equal 
concentrations  of  original  antioxidants,  oxidized  oil  has  a 
longer  induction  period  than  fresh  oil.  It  has  also  been 
reported  (Reference  3)  that  the  reaction  mixture  produced  by 
chemically  or  thermally  oxidizing  PANA  has  more  antioxidant 
capability  than  the  original  PANA.  Therefore,  to  determine  if 
cyclic  voltammetry  was  able  to  detect  the  antioxidants'  reaction 
products  which  increase  the  stability  of  oxidized  oil  samples, 


Figure  14.  First  and  Fifth  Scan  Voltamnograms  of  the  Fresh  TEL— 4001  and  TEL— 4002  Oils 
Acetone  with  a  Glassy  Carbon  Working  Electrode. 


First  and  Fifth  Scan  Voltammograms  of  the  Fresh  TEL-4003  and  TEL-4094  Oils  in 
Acetone  with  a  Glassy  Carbon  Working  Electrode. 


Figure  16.  First  and  Fifth  Scan  Volt armaograns  of  the  Fresh  TEL-4005  and  TEL-4006  Oils 
Acetone  with  a  Glassy  Carbon  Working  Electrode. 


Figure  17.  Effect  of  Successive  Additions  of  a  1Z  PANA  Solution  in  the  Presence  of  1Z 
DODPA  and  0.3Z  PANA  on  the  First  and  Fifth  Scan  Voltanaograns  Produced  by 
a  Glassy  Carbon  Working  Electrode  in  Acetone. 


TEL-4005  oil  heated  at  175°C  with  a  flow  rate  of  10  1/hr  was 
sampled  every  16-24  hours  to  produce  samples  of  increasingly 
oxidized  oil.  Each  oil  was  then  analyzed  by  single  scan  and 
multiscan  cyclic  voltammetry.  The  first  scan  voltammograms  of 
the  fresh  and  stressed  TEL-4005  oil  samples  are  shown  in  Figure 
18. 

As  seen  in  Figure  18,  the  oxidation  wave  produced 
by  PANA  and  DODPA  (A)  decreases  with  stressing  time,  especially 
during  the  first  72  hours.  The  reduction  waves  also  decrease  but 
go  through  a  complex  series  of  changes. 

As  expected,  the  stressed  (thermal  oxidation)  TEL- 
4005  oil  samples  contain  species  that  are  similar  to  those 
produced  by  electrochemical  oxidation,  i.e. ,  oxidation  waves  at 
550-800  mV  in  the  voltammograms  of  the  stressed  oil  samples 
(Figure  18)  and  in  tho  fifth  scan  voltammograms  of  the  fresh  oils 
(Figuros  14-16). 

During  the  thermal  oxidative  stressing,  the  oxida¬ 
tion  waves  at  550-800  mV  increase  during  the  first  72  hours,  stay 
constant  for  the  next  72  hours,  and  then  decrease  in  size  with 
additional  stressing  time.  Thus,  the  production  rate  of  the  new 
species  decreases  with  Increasing  stressing  time  relative  to  the 
consumption  rate  of  the  new  species.  Thus,  the  ability  of  multi¬ 
scan  cyclic  voltammetry  to  produce  the  new  species  should 
decrease  as  the  thermal  oxidative  stressing  time  of  the  oil 
sample  increases.  To  verify  this  idea,  first  and  fifth  scan 
voltammograms  were  produced  for  the  stressed  TEL-4005  oil  samples 
and  are  shown  in  Figures  19-22. 

As  seen  in  Figures  19-22,  the  broad  oxidation  waves 
produced  at  550-800  mV  by  the  fifth  scan  decrease  with  increasing 
stressing  time  relative  to  the  oxidation  waves  produced  by  the 
first  scan. 

Therefore,  by  comparing  the  550-800  mV  oxidation 
waves  of  the  first  and  fifth  scans  of  used  oil  samples,  it  may  be 


Figure  18.  Voltamaograms  of  Fresh  and  Stressed  TEL-4005  Oils  in  Acetone  with 
a  Glassy  Carbon  Working  Electrode. 


Figure  19.  First  and  Fifth  Scan  VoltanmograiBs  of  24  Hours  Stressed  TEL-4005  Oil  in  Acetone 
with  a  Glassy  Carbon  Working  Electrode. 


First  and  Fifth  Scan  Voltamcao  grams  of  48  and  72  Hours  Stressed  TEL-4005  Oils 
in  Acetone  with  a  Glassy  Carbon  Working  Electrode. 


Fifth  Scan  Voltanmograms  of  96-168  Hours  Stressed  TEL-4005  Oils 
_th  a  Glassy  Carbon  Working  Electrode. 


possible  to  relate  the  increase  or  decrease  in  the  oxidation  wave 
at  550-800  mV  to  the  RLL  of  a  MIL-L-7808  oil. 

(11)  Effect  of  Organic  Peroxides  on  the  Voltammograms 

of  the  MIL-L-7808  Lubricating  Oils 

In  an  attempt  to  combine  chemical  stressing  with 

cyclic  voltammetry  for  the  development  of  a  RLLAT  candidate, 

organic  peroxides  (benzoyl  peroxide  and  dicumene  peroxide)  and  a 

free  radical  initiator,  azobisisobutyronitr ile  (AIBN)  were  added 

to  the  diluted  oil  sample  prior  to  cyclic  voltammetric  analysis. 

The  cyclic  voltammograms  of  the  MIL-L-7808  pils  (200  yl)  diluted 

with  10  ml  of  acetone  (0.1M  LiClO. )  were  obtained  at  a  scan  rate 
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of  500  mV/sec  using  a  GCE  as  the  working  electrode. 

The  addition  of  dicumene  peroxide  or  the  free 
radical  initiator,  AIBN,  did  not  affeict  the  cyclic  voltammograms 
of  the  MIL-L-7808  oils.  However,  the  addition  of  benzoyl 
peroxide  to  the  TEL-4005  oil  produced  a  new  oxidation  peak  (A  in 
Figure  23)  at  780  mV  which  is  not  reproduced  during  the  second 
scan.  The  TEL-4002  through  TEL-4004  oils  gave  similar  results  in 
the  presence  of  benzoyl  peroxide.  However  the  cyclic  voltam- 
mogram  of  the  TEL-4006  oil  was  not  affected  by  the  addition  of 
benzoyl  peroxide  and  the  cyclic  voltammogram  cf  the  TEL-4001  oil 
(Figure  24)  showed  a  different  response  to  the  presence  of  ben¬ 
zoyl  peroxide  than  did  the  TEL-4002  through  TEL-4005  oils. 

Therefore,  these  particular  chemical  stressing 
cyclic  voltammetric  methods  were  eliminated  as  possible  RLLAT 
candidates. 

(12)  Effect  of  Pyridine  on  the  Voltammograms  of  the  MIL- 

L-7808  Lubricating  Oils 

It  has  been  reported  that  pyridine  (Reference  4) 
and  other  organic  bases  (Reference  5)  react  with  the 
electrochemical  oxidation  products  of  aromatic  amines.  The 
mechanism,  by  which  organic  bases  (?B)  are  thought  to  alter  the 
oxidation  products  of  aromatic  amines  (AtjNH)  is  as  follows: 

Ar2NH  [Ar2NH]+*  (9) 
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Effect  of  Benzoyl  Peroxide  on  the  Volt annoo gram  of  the  Fresh  TEL-4005  Oil  in 
Acetone  Using  a  Glassy  Carbon  Working  Electrode. 


Effect  of  Benzoyl  Peroxide  cn  the  Voltan*ograa  of  the  Fresh  TEL-^001  Oil  in  Acetone 
Using  a  Glassy  Carbon  Working  Electrode. 


To  study  the  effects  of  pyridine,  voltammograms  of 
the  TEL-4005  oil  were  recorded  after  each  10  yi  addition  of  a  5 
percent  pyridine  in  acetone  solution.  As  seen  in  Figure  25,  the 
first  10  yl  addition  has  a  small  effect  on  the  voltammogram  of 
the  TEL-4005  oil.  However,  the  second  and  third  10  pi  additions 
of  pyridine  cause  the  oxidation  wave  (Figure  25)  to  shift  to  a 
lower  oxidation  potential  and  eliminate  the  reduction  waves 
between  500  and  800  mV.  In  addition  to  the  effects  on  the 
original  oxidation  and  reduction  waves  produced  by  the  TEL-4005 
oil,  a  new  reduction  wave  at  290  mV  is  produced  (Figure  25). 

To  determine  the  effect  of  pyridine  on  the  voltam- 
mograms  of  all  the  MIL-L-7808  lubricating  oils,  30  yl  of  the  5 
percent  pyridine  in  acetone  solution  was  added  to  200  yl  of  each 
oil  dissolved  in  10  ml  of  acetone  (0. 1M  LiCLO^) .  The  voltam- 
mograms  of  the  different  lubricating  oils  before  and  after  the 
addition  of  the  pyridine  are  shown  in  Figures  26-28.  As  seen  in 
Figures  26-28  every  oil  produces  a  reduction  wav?  between  200-300 
mV  in  the  presence  of  pyridine. 

Therefore,  the  voltammograms  of  the  stressed  TEL- 
4005  oil  samples  were  recorded  after  the  addition  of  30  pi  of  the 
5  percent  pyridine  in  acetone  solution.  The  voltage  scan  was 
limited  to  0.7  V  to  0.0  V  to  eliminate  the  large  oxidation  wave 
at  800  mV.  The  reduced  scan  allows  the  small  oxidation  wave  at 
630  mV  and  the  reduction  wave  between  200-300  mV  to  be  the  major 
peaks  of  the  voltammogram  so  that  the  changes  in  their  respective 
intensities  can  be  detected  more  accurately.  The  voltammogram  of 
TEL-4005  oil  in  the  absence  of  pyridine  was  used  as  the  blank 
signal.  An  example  of  the  voltammograms  produced  in  this  manner 
are  shown  in  Figure  29. 

The  plots  of  the  630  mV  oxidation  wave's  and  the 
280  mV  reduction  wave's  intensities  versus  stressing  time  shown 
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Figure  29.  Reduced  Scan  Voltamnograms  of  the  16  and  24  Hours  Stressed  TEL— 4005  Oils  in  the 
Presence  of  Pyridine  Using  a  Glassy  Carbon  Working  Electrode. 
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in  Figure  30  are  smooth  curves  up  to  the  end  of  the  stable  life 
of  the  TEL-4005  oil  [96  hours  determined  from  the  breakpoint  of 
the  viscosity  versus  stressing  time  plot  (Appendix  (B)]  and 
should  be  suitable  for  curve  fitting  techniques.  The  results  of 
the  first  and  steady  state  scan  (fourth  or  higher)  for  each  wave 
are  similar. 

(13)  Summary  of  the  Voltammetric  Techniques 

The  voltammetric  techniques  developed  during  the 
initial  study  require  less  than  200  pi  of  sample,  require  less 
than  30  seconds  to  perform  (sample  preparation  and  analysis),  and 
are  easy  and  inexpensive  to  operate.  The  results  of  the  voltam¬ 
metric  techniques  can  be  used  to  quantify  the  antioxidants  in 
MIL-L-7808  oils  and  to  detect  the  antioxidants'  reaction  products 
in  thermally-oxidized  MIL-L-7808  oil  samples.  The  results  of  the 
voltammetric  techniques  involving  the  antioxidants'  reaction 
products  in  the  presence  of  pyridine  (Figure  30)  appear  to  be 
directly  related  to  the  RLL  of  the  fresh  and  stressed  TEL-4005 
oils. 

Therefore,  the  initial  study  of  the  voltammetric 
techniques  indicated  that  the  voltammetric  techniques  were  well 
suited  for  development  into  a  RLLAT  candidate. 

c.  Thermal  Stressing  Techniques 
(1)  Introduction 

In  complete  contrast  to  the  voltammetric  tech¬ 
niques,  numerous  analytical  procedures  based  on  thermal  stressing 
techniques  have  been  reported  (References  6-17)  which  are  capable 
of  assessing  the  RLL  of  lubricating  oils.  The  thermal  stressing 
techniques  use  thermal-oxidative  stressing  to  deplete  the  an¬ 
tioxidants  (Reaction  5)  present  in  the  lubricating  oil.  Once  the 
antioxidants  become  ineffective,  the  basestock  of  the  lubricating 
oil  rapidly  degrades  (Reactions  1-4).  The  different  thermal 
stressing  techniques  then  use  various  methods  to  detect  the 
"onset  time"  (isothermal  conditions)  or  "onset  temperature" 
(ramped  temperature  conditions)  at  which  the  rapid  degradation  of 


280  mV  Wave  Height  (uA) 
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the  basestock  begins.  The  onset  time  or  temperature  is  then  used 
to  assess  the  RLL  of  the  oil  sample.. 

Of  the  various  methods  that  have  been  used  to 
detect  the  rapid  degradation  of  the  basestock,  e.g.  , 
chemiluminescence  (Reference  6),  gas  evolution  rate  (References  7 
and  8),  weight  loss  (Reference  9),  oxygen  uptake  (Reference  10), 
and  molecular  weight  distribution  (Reference  11),  the  methods 
which  detect  changes  in  the  sample's  temperature,  differential 
thermal  analysis,  or  measure  the  amount  of  heat  generated  or 
absorbed  by  the  sample,  differential  scanning  calorimetry  (DSC), 
have  been  used  to  assess  the  RLL  of  MIL-L-7808  type  oils.  It  has 
been  reported  (Reference  16)  that  the  use  of  high  pressure  (>100 
psi)  inside  the  DSC  cell's  analysis  chamber  was  required  to 
reduce  formulation  effects  and  evaporation  of  the  MIL-L-7808 
oils.  The  use  of  high  oxygen  pressure  also  increases  the  peak 
size  and  onset  definition  of  the  DSC  signal. 

Although  high  pressure-DSC  (HP-DSC)  has  been  used 
to  assess  the  RLL  of  lubricating  oils,  the  onset  times  of  the  HP- 
DSC  analyses  for  fresh  and  slightly  stressed  oils  were  over  30 
minutes.  Since  one  of  the  RLLAT  criteria  (Table  1)  is  an 
analysis  time  of  less  than  10  minutes,  the  experimental  condi¬ 
tions  of  the  reported  HP-DSC  studies  (References  12-17)  had  to  be 
modified. 

Therefore,  an  investigation  was  performed  to  deter¬ 
mine  the  HP-DSC  experimental  conditions  that  result  in  onset 
times  of  10  minutes  or  less.  The  experimental  conditions  of 
sample  size  and  analysis  temperature  were  evaluated  using  an 
uninhibited  eator  basestock  and  fresh  and  authentic  used  MIL-L- 
7808  oils. 


(2)  Effect  of  Sample  Size 


The  sample  size  experiments  were  run  using  heating 
rates  of  10°C/min. ,  an  oxygen  pressure  of  500  psi  and  sample 
sizes  of  1  and  5  pi  of  fresh  TEL-4005  oil.  As  shown  in 
Figure  31,  the  onset  time  (exotherm)  of  the  sample  size  of  5  pi 
was  approximately  22  minutes  and  the  oxidation  reaction  was 


2.-4005  011  Produced  Using  a  5  pi  Sample,  a  Heating  Rate  of 
Pressure  of  500  psi. 


complete  after  28  minutes.  Figure  32  shows  that  the  onset  time 
was  reduced  to  less  than  16  minutes  by  reducing  the  sample  size 
to  1  yl.  Thus,  1  Ml  samples  were  used  for  the  temperature 
study. 

(3)  Effect  of  Analysis  Tempexa-feure 

In  the  HP-DSC  analysis  of  MIL-L-7808  type  oils 
(Reference  17),  an  analysis  temperature  of  250°C  resulted  in 
onset  times  of  approximately  30  minutes  for  fresh  oils.  Also  the 
onset  time  of  16  minutes  in  Figure  32  translates  into  an  onset 
temperature  (dashed  line)  of  250°C.  Thus,  the  analysis  tempera¬ 
ture  study  was  initiated  at  250°C.  The  analysis  temperature 
study  was  run  under  isothermal  conditions  because  the  HP-DSC 
results  for  the  MIL-L-7808  type  oils  (References  16-17)  showed 
that  onset  times  were  better  suited  for  RLL  assessments  than 
onset  temperatures. 

When  the  1  pi  sample  of  the  TEL-4005  oil  was 
analyzed  at  250°C  under  500  psi  of  oxygen,  the  exothermic  reac¬ 
tion  occurred  at  6  minutes  and  was  so  rapid  that  the  sample 
ignited  and  the  sample  pan  melted.  Consequently,  the  analysis 
temperature  and  oxygen  pressure  were  varied  to  identify  a  com¬ 
bination  which  produced  onset  times  of  approximately  10  minutes 
for  fresh  MIL-L-7808  oils  and  which  inhibited  ignition  of  the  oil 
sample.  An  analysis  temperature  of  230#C  and  an  oxygen  pressure 
of  100  psi  were  the  boat  analysis  conditions  identified  by  the 
initial  HP-DSC  analyses  of  the  MIL-L-7808  oils. 

When  the  1  ul  samples  of  uhe  TEL-4001  and  TEL-4005 
oils  were  analyzed  isothermally  at  23C°C  under  an  oxygen  pressure 
of  100  psi,  onset  times  of  13.6  and  14.1  minutes,  respectively, 
were  produced  (Figure  33).  The  uninhibited  basestock  had  an 
onset  time  of  less  than  1  minute  (Figure  33).  The  authentic  used 
oil  samples,  F-25  and  R-30,  had  intermediate  onset  times 
(Figure  33). 


DSC  Thermogram  of  the  TEL-4005  Oil  Produced  Using  a  1  yl 
iple,  a  Heating  Rate  of  10° C/Minute,  and  an  Oxygen  Pressure 
500  psi. 


Uninhibited  Ester  Basestock,  the  Fresh  TEL— 4001  and  TEL— 4005  Oils 
25  and  R-30)  MTL-L-7808  Oil  Samples  Produced  Using  a  1  ul  Sample, 
>  of  230° C.  and  an  Oxygen  Pressure  of  100  psi. 


(4)  Summary  of  HP-DSC  Technique 
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Although  the  experimental  conditions  capable  of 
producing  onset  times  of  10  minutes  for  fresh  MIL-L-7808  oil 
samples  were  not  identified  by  the  initial  study ,  it  was  shown 
that  the  HP-DSC  technique  has  the  potential  for  assessing  the  RLL 
of  MIL-L-7808  oils  in  less  than  10  minutes.  The  HP-DSC  analyses 
use  1  pi  samples,  do  not  require  sample  preparation,  and  are 
moderately  easy  to  perform. 

Therefore,  the  initial  study  of  the  HP-DSC  tech¬ 
nique  and  the  results  reported  by  other  researchers 
(References  6-17)  indicate  that  thermal  stressing  techniques  were 
well-suited  for  development  into  a  RLLAT  candidate,  but  that 
optimization  studies  of  the  techniques'  experimental  conditions 
ware  needed. 

d.  Chemical  Stressing  Technique 

(1)  Introduction 

In  an  attempt  to  develop  stressing  techniques  that 
do  not  employ  the  elevated  temperatures  and  oxygen  pressures  used 
by  thermal  stressing  techniques,  chemical  stressing  techniques 
were  investigated.  The  two  chemical  stressing  techniques  iden¬ 
tified  as  having  potential  for  development  into  RLLAT  candidates 
are  referred  to  as  the  colorimetric  method 
(Reference  18)  and  the  Ford  method  (References  19-21). 

(2)  Colorimetric  Method 
(a)  Introduction 

During  research  with  laser  dye  solutions, 
researchers  at  the  Mitsubishi  Electric  Corporation  (Reference  18) 


observed  that  the  dark  green  solutions  of  bis  [4-( dimethyl  amino) 
dithiobenzil]  nickel  ( BDN )  in  tetrahydrofuran  (THF)  faded  with 
time.  From  this  observation  the  researchers  at  the  Mitsubishi 
Electric  Corporation  developed  a  stressing  technique  that  uses 


the  oxidation  of  tetrahydrofuran  (THF)  as  a  "radical  generator" 
and  uses  the  decoloration  rate  of  the  BDN  to  estimate  the  rela¬ 
tive  efficiencies  of  various  antioxidants.  The  BDN  complex  has 
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hydroperoxide  decomposing,  free  radical  trapping,  and  UV  stabi¬ 
lizing  capacities  (Reference  22),  and  thus,  the  BDN  is  capable  of 
measuring  the  inhibition  efficiencies  of  different  types  of 
antioxidant s* 

The  Mitsubishi  chemical  stressing  technique  is 
based  on  the  competition  between  the  BDN  complex  and  the  added 
antioxidants  to  react  with  the  "radicals"  generated  by  the  oxida¬ 
tion  of  THF.  As  the  BDN  reacts,  the  solution  becomes  colorless, 
and  thus,  the  reaction  rate  of  the  BDN  can  be  measured  by  its 
decoloration  rate.  Consequently,  the  decoloration  rate  of  the 
BDN  solution  in  the  presence  of  an  antioxidant  is  dependent  upon 
the  ability  of  the  added  antioxidant  to  stop  the  BDN  from  react¬ 
ing  with  the  THF  generated  "radicals".  Since  the  inhibiting 
capability  of  the  added  antioxidant  is  dependent  on  its  ef¬ 
ficiency  and  concentration,  the  decoloration  rate  of  the  BDN 
solution  decreases  as  the  concentration  of  the  antioxidant 
increases  (Figure  34). 

The  efficiencies  of  various  antioxidants 
relative  to  diphenylamine  were  determined  by  the  BDN  decoloration 
rate  and  compared  favorably  with  those  obtained  for  the  autoxida- 
cion  of  tetraline  (Reference  18).  Since  the  Mitsubishi  chemical 
stressing  technique  is  based  upon  the  decoloration  of  BDN  at  25°C 
by  THF,  it  does  not  have  the  thermal  or  pressure  requirements  of 
the  thermal  stressing  techniques.  Also,  since  the  decoloration 
of  BDN  is  used  to  determine  the  efficiency  of  the  added  an¬ 
tioxidant,  inexpensive  spectrophotometers  are  used. 

However,  the  greatest  advantage  of  the 
Mitsubishi  chemical  stressing  technique  was  the  fact  that  it  uses 
the  rate  of  BDN  decoloration  as  compared  to  the  induction  time 
determined  by  the  HP-DSC  technique.  Since  the  rate  of  BDN 
decoloration  is  constant  throughout  the  test  (Figure  34),  the 
antioxidant  capacity  of  an  used  oil  sample  could  be  determined  in 
only  a  few  minutes  and  the  test  time  would  be  independent  of  the 
used  oil  sample's  RLL,  In  comparison,  the  test  times  of  the  HP- 
DSC  technique  (Figure  33)  ranged  from  approximately  1  minute  for 


the  uninhibited  basestock  to  over  14  minutes  for  the  fresh  TEL- 
4005  oil. 

Although  the  Mitsubishi  chemical  stressing 
technique  termed  the  THF  as  a  "radical  generator",  our  prelimi¬ 
nary  research  indicated  that  the  THF  was  simply  a  source  of 
hydroperoxides,  and  therefore,  the  Mitsubishi  method  determines 
the  hydroperoxide  decomposing  capabilities  (Reaction  8)  of  an¬ 
tioxidants,  not  their  free  radical  trapping  capabilities 
(Reactions  6  and  7).  To  determine  if  the  hydroperoxide  decompos¬ 
ing  capabilities  of  the  antioxidant  species  present  in  used  MIL¬ 
L-7808  lubricating  oils  could  be  used  to  assess  the  oils'  RLL,  an 
initial  investigation  was  performed. 

However,  before  the  Mitsubishi  method  was 
evaluated,  several  modifications  were  made  in  the  method  to 
improve  its  ease  of  operation  and  to  decrease  its  instrumental 
and  operational  costs.  The  first  modification  was  to  replace  the 
unstabilized  THF  (which  contains  an  unknown,  constantly  increas¬ 
ing  hydroperoxide  concentration)  with  cumene  hydroperoxide  (80% 
purity).  The  cumene  hydroperoxide  is  a  stable  liquid  at  room 
temperature. 

The  second  modification  was  to  use  the 
632.8  nm  wavelength  instead  of  the  1100  nm  wavelength 
(Reference  18)  to  monitor  the  decoloration  of  the  green  BDN 
solution.  By  choosing  the  632.8  nm  wavelength,  an  inexpensive, 
safe  He-Ne  laser  can  be  used,  eliminating  the  need  for  an  expen¬ 
sive  near-infrared  spectrophotometer.  A  third  modification, 
although  minor,  was  to  change  the  solvent  system  from  1,2- 
dichloroethane  to  toluene.  Toluene  was  favored  as  the  solvent 
over  1 , 2-dichloroethane  because  BDN  is  more  soluble  in  toluene 
and  because  toluene  is  a  lower  health  risk  than  1,2- 
dichloroethane. 

The  analytical  procedure  which  was  derived 
from  the  Mitsubishi  chemical  stressing  method  is  termed  the 
colorimetric  method. 


Before  the  colorimetric  method  could  be 
evaluated,  the  experimental  parameters  had  to  be  optimized.  The 
effects  of  the  BDN  solution/cumene  hydroperoxide  ratio,  the  oil 
sample  size,  and  antioxidant  type  on  the  decoloration  rate  of  the 
BDN  solution  were  studied.  The  optimized  BDN  colorimetric  method 
was  then  used  to  determine  the  effects  of  the  fresh  TEL-4001 
through  TEL-4006  MIL-L-7808  oils  and  of  the  laboratory  stressed 
TEL-4005  oils  on  the  decoloration  rate  of  the  BDN  solution. 

(b)  Effect  of  BDN  Solution/Cumene  Hydroperoxide 

Ratio 

To  obtain  the  greatest  difference  possible 
between  the  blank  and  a  fresh  MIL-L-7808  oil,  the  decoloration 
rate  of  the  BDN  solution  in  the  presence  of  the  blank  sample 
should  be  very  rapid  (slope  of  plot  approaching  00 ).  Therefore,  a 
study  was  conducted  to  determine  the  BDN  solution/ cumene 
hydroperoxide  ratio  which  produced  the  fastest  rate  of  decolora¬ 
tion  (greatest  slope).  The  amount  of  BDN  solution  was  held  at 
1.5  ml  while  the  amount  of  the  cumene  hydroperoxide  was  varied 
from  0.25  to  2.0  ml. 

The  decoloration  rate  of  the  BDN  solution 
increased  as  the  amount  of  cumene  hydroperoxide  was  increased 
from  0.25  to  1.0  ml.  Amounts  higher  than  1  ml  of  cumene 
hydroperoxide  had  little  effect  on  the  decoloration  rate  of  the 
BDN  solution.  Thus,  it  was  determined  that  1.5  ml  of  BDN  solu¬ 
tion  and  1.0  ml  of  cumene  hydroperoxide  produced  the  greatest 
slope  for  the  blank. 


(c)  Effect  of  Sample  Size 


In  addition  to  a  rapid  decoloration  rate  for 
the  blank ,  the  decoloration  rate  of  the  fresh  oil  samples  should 
be  very  slow  (slope  of  plot  approaching  zero)  to  increase  the 
colorimetric  method's  sensitivity  to  different  degrees  of  RLL. 
Therefore,  a  study  was  conducted  to  determine  the  minimum  amount 
of  oil  sample  which  produces  the  slowest  decoloration  rate  for 
the  BDN  solution. 

To  determine  the  effect  of  oil  sample  size  on 
the  decoloration  rate  of  the  BDN  solution,  10  to  30  yl  samples  of 
TEL-4004  oil  were  added  to  1.5  ml  of  BDN  solution  and  1.0  ml  of 
cumene  hydroperoxide.  The  percent  absorbance  of  the  BDN  solution 
was  plotted  versus  reaction  time  for  the  different  samples  sizes 
of  the  TEL-4004  oil  and  the  blank  sample  as  shown  in  Figure  35. 

The  plots  of  the  percent  absorbance  of  the  BDN 
solution  versus  reaction  time  in  Figure  35  show  that  addition  of 
the  TEL-4004  oil  greatly  decreases  the  decoloration  rate  of  the 
BDN  solution  and  that  the  decoloration  rate  decreases  with 
increasing  sample  size. 

Although  increasing  the  sample  size  decreases 
the  BDN  solution's  decoloration  rate,  the  effects  of  the  oil 
sample's  color,  which  darkens  with  stressing  time,  also 
increases.  To  determine  the  effect  of  the  oil  sample's  color  on 
the  colorimetric  method,  the  TEL-4005  oil  sample  taken  at  140 
hours  (stable  life  ended  at  96  hours),  which  was  the  darkest  of 
the  stressed  oil  samples,  was  added  in  amounts  of  10,  20,  and,  30  ul 
to  1.5  ml  of  BDN  solution  and  1.0  ml  of  cumene  hydroperoxide. 

The  stressed  oil  sample's  color  was  found  to 
affect  the  initial  absorbance  of  the  BDN  solution  but  did  not 
affect  the  slope  of  the  BDN  decoloration  plot.  The  effect  of  the 
sample's  color  on  the  initial  ooint  of  the  plot  decreases  the 
colorimetric  method's  ease  of  oDeration  since  the  starting  point 
has  to  be  adjusted  for  every  used  oil  sample. 


f.9 


Since  the  rate  of  decoloration  was  similar  for 
the  blank  and  the  different  sample  sizes  of  the  stressed  TEL-4005 
oil  sample,  the  results  indicated  that  the  antioxidants  are 
depleted  in  the  stressed  oil  sample  to  the  point  that  they  can  no 
longer  decompose  hydroperoxides.  These  results  were  expected 
since  the  stressed  oil  sample  was  taken  40  hours  after  the  end  of 
the  TEL-4005  oil's  stable  life. 

The  results  from  the  initial  investigation 
into  the  effects  of  sample  size  were  inconclusive  since  the 
effects  of  sample  size  on  the  decoloration  rate  and  on  the 
initial  point  of  the  BDN  absorbance  plot  differ  in  direction  and 
are  deemed  similar  in  importance.  Therefore,  a  30  pi  oil  sample 
size  was  arbitrarily  chosen  for  the  initial  evaluation  of  the 
colorimetric  method. 

(d)  Effect  of  Antioxidant  Type 

To  determine  if  PANA  and  DODPA  (antioxidants 
in  TEL-4005  oil)  are  effective  hydroperoxide  decomposers,  i.e. , 
inhibit  the  decoloration  of  the  BDN  solution,  1  and  2%  solutions 
of  each  antioxidant  were  prepared  in  toluene  and  then  added  in 
30  pi  quantities  to  1.5  ml  of  the  BDN  solution  and  1  ml  of  cumene 
hydroperoxide  in  a  1  dram  vial.  The  plots  of  the  percent  absor¬ 
bance  of  the  BDN  solution  versus  reaction  time  for  PANA  and  DODPA 
are  shown  in  Figure  36. 

The  results  in  Figure  36  show  that  both  PANA 
and  DODPA  are  effective  hydroperoxide  decomposers  since  PANA  and 
DODPA  significantly  decrease  the  decoloration  rate  of  the  BDN 
solution  relative  to  the  blank.  The  results  in  Figure  36  also 
indicate  that  DODPA  is  a  better  hydroperoxide  decomposer  than 
PANA,  i.e.,  BDN  solution  decoloration  slower  in  presence  of  DODPA 
than  in  presence  of  PANA.  Therefore,  the  colorimetric  method  is 
sensitive  to  the  depletions  of  both  PANA  and  DODPA. 
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Figure  36.  Effect  of  Antioxidant  Type  on  the  %  Absorbance  of  the  BDN 

Solution  versus  Rea< tiou  Time  (25°C)  Plots  for  PANA  and  DODPA. 


(e)  Effect  of  Formulation 


To  determine  the  effect  of  formulation  on  the 
rate  of  BDN  solution  decoloration/  the  rates  of  the  TEL-4001 
through  TEL-4006  MIL-L-7808  lubricating  oils  were  determined. 

The  resulting  plots  of  the  percent  absorbance  of  the  BDN  solution 
versus  reaction  time  for  the  MIL-L-7808  lubricating  oils  are 
shown  in  Figure  37, 

As  expected  the  rates  of  BDN  solution 
decoloration  for  the  TEL-4001  through  TEL-4006  oils  shown  in 
Figure  37  were  different.  The  different  decoloration  rates  were 
expected  since  cyclic  voltammetry  showed  that  the  MIL-L-7808  oils 
contain  differing  concentrations  of  antioxidants  (Figures  10  and 
11).  The  TEL-4001  through  TEL-4005  oils  produce  similar  rates  of 
BDN  solution  decoloration,  while  the  TEL-4006  oil  produces  a  much 
slower  rate  of  decoloration.  Thus,  the  antioxidant  system  in  the 
TEL-4006  oil  is  a  more  effective  hydroperoxide  decomposer  than 
those  of  the  other  MIL-L-7808  oils. 

(f)  Analysis  of  Laboratory  Stressed 

TEL-4005  Oil  Samples 

In  order  to  determine  the  colorimetric 
method's  capability  to  distinguish  between  differing  degrees  of 
thermal-oxidative  degradation,  the  series  of  stressed  TEL-4005 
oil  samples  were  studied.  The  plots  of  the  percent  absorbance 
of  the  BDN  solution  versus  reaction  time  for  each  oil  sample  are 
shown  in  Figure  38, 

The  results  in  Figure  38  show  that  the 
colorimetric  method  is  capable  of  distinguishing  between  oil 
samples  of  differing  RLL.  However,  the  induction  period  (period 
of  time  before  rapid  decoloration  occurs),  not  the  rate  of  BDN 
solution  decoloration,  is  capable  of  RLL  assessments.  The  other 
factor  eliminating  the  rate  of  BDN  solution  decoloration  for 
assessing  RLL  is  that  the  initial  rates  of  BDN  solution  decolora¬ 
tion  for  the  stressed  oil  samples  are  much  slower  than  those  of 
the  fresh  oils. 
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Because  the  colorimetric  method  must  use  an 
induction  period  to  assess  the  RLL  of  MIL-L-7808  oil  samples,  the 
method's  main  advantage  over  the  thermal  stressing  techniques  is 
eliminated.  The  colorimetric  method  had  the  advantage  over 
induction  period  methods  (thermal  stressing)  because  it  required 
only  a  few  minutes  of  analysis  time  regardless  of  the  oil 
sample's  RLL.  In  contrast,  the  analysis  time  required  by  induc¬ 
tion  period  methods  varies  from  less  than  1  minute  to  over  15 
minutes  depending  on  the  oil  sample's  RLL. 

(g)  Summary  of  Colorimetric  Method 

The  results  of  its  initial  evaluation  indi¬ 
cated  that  the  colorimetric  method  has  potential  for  development 
into  a  RLLAT  candidate.  The  colorimetric  method  requires  only 
30  \il  of  the  oil  sample,  can  be  performed  using  inexpensive 
equipment,  is  moderately  easy  to  operate,  and  has  RLL  assessment 
capabilities.  However,  the  experimental  parameters  needed  to  be 
modified  to  obtain  analysis  times  of  less  than  10  minutes  and  the 
mathematical  relationship  between  the  results  of  the  colorimetric 
method  and  the  RLL  of  an  oil  sample  needed  to  be  better 
established. 

Although  the  potential  of  the  colorimetric 
method  for  development  into  a  RLLAT  is  lower  than  those  of  the 
voltammetric  and  thermal  stressing  techniques,  the  colorimetric 
method  is  suitable  for  development  into  a  RLLAT  and  was  further 
evaluated  in  Task  2. 

(3)  Modified  Ford  Method 
(a)  Introduction 

Researchers  at  the  Ford  Motor  Company  have 
developed  a  method  (References  19-21)  which  titrates  the  an¬ 
tioxidant  species  in  diluted  oil  samples  with  peroxy  radicals 
(R00»  in  Reaction  2)  produced  by  the  thermal  decomposition  of  the 
free  radical  initiator,  azobiaisobutyronitrile  (AIBN)  at  60°C. 

The  AIBN  thermally  decomposes  to  produce  free  radicals  (R»)  at  a 
known  and  constant  rate: 


AIBN  — 2R  •  (12) 

The  free  radicals  then  combine  with  oxygen  to  produce  peroxy 
radicals  in  the  same  manner  as  in  Reaction  2.  The  free  radical 
reactions  are  performed  in  a  model  hydrocarbon  oxidation  system 
containing  cyclohexene  as  an  oxidizing  substrate  and  n-hexadecane 
as  a  hydrocarbon  solvent. 

In  the  absence  of  antioxidants,  the 
cyclohexene  oxidizes  rapidly  (Reactions  2-4)  and  the  resulting 
oxygen  consumption  is  monitored  by  recording  the  pressure  change 
in  a  closed  reaction  system.  In  the  presence  of  antioxidants, 
the  oxidation  of  the  cyclohexene  is  suppressed  as  the  antioxidant 
species  are  consumed  (Reaction  6  and  7)  through  reaction  with  the 
peroxy  radicals  produced  by  AIBN.  Once  the  antioxidant  species 
lose  their  efficiency,  the  cyclohexene  oxidizes  rapidly  absorbing 
oxygen.  The  length  of  time  before  the  rapid  oxygen  consumption 
begins  (induction  time)  has  been  related  to  the  RLL  of  automotive 
engine  oil  samples  (Reference  21).  The  oxygen  absorption  versus 
AIBN  reaction  time  curves  for  the  automotive  engine  oil  samples 
are  presented  in  Figure  39. 

Thus,  the  Ford  method  measures  the  free  radi¬ 
cal  trapping  capabilities  (Reactions  6  and  7)  of  the  antioxidants 
in  the  oil  samples.  The  Ford  method  also  is  sensitive  to 
"natural  inhibitors"  present  in  the  ester  basestock  and  the 
antioxidant  species  generated  in  the  lubricating  oil  during  use. 
However,  the  results  of  the  Ford  method  are  independent  of  the 
hydroperoxide  decomposing  capabilities  (Reaction  8)  of  the  an¬ 
tioxidants  (colorimetric  method).  Therefore,  an  initial 
investigation  was  performed  to  determine  the  potential  of  the 
Ford  chemical  stressing  method  as  a  RLL AT  candidate. 

However,  before  the  Ford  method  could  be 
evaluated,  several  modifications  in  the  method  were  needed  to 
meet  the  time  and  ease  of  operation  requirements  for  a  RLLAT.  As 
seen  in  Figure  39,  the  induction  time  of  the  new  oil  is  ap¬ 
proximately  50  minutes,  but  the  test  had  to  be  run  for  90  minutes 
to  obtain  the  induction  time  by  extrapolation.  Also  the  test 
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Figure  39.  Plots  of  Oxygen  Absorption  versus  Time  of  AIBN  Stressing  at 
60®C  for  Automotive  Engine  Oils  (t-Induction  Time)  (Repro¬ 
duced  from  Reference  21) , 


system  was  allowed  to  equilibrate  for  15  minutes  before  starting 
the  test.  Since  the  time  requirements  for  RLLAT  are  10  minutes 
or  less,  studies  were  undertaken  to  decrease  the  total  test  time 
(equilibration  plus  induction  times)  of  the  Ford  method  from  the 
original  105  minutes  to  the  required  10  minutes.  The  experimen¬ 
tal  parameters  studied  included  the  type  of  easily  oxidizable 
substrate;  the  quantity,  the  aging  time,  and  the  concentration  of 
the  AIBN  solution;  the  quantity  of  hydrocarbon  solvent;  and  the 
quantity  of  the  oil  sample. 

In  order  to  improve  the  ease  of  operation  of 
the  modified  Ford  method,  the  effect  of  eliminating  the  oxygen 
purge  and  the  effects  of  using  a  specified  pressure  drop  in  place 
of  the  rate  of  pressure  drop  for  determining  the  induction  time 
were  studied.  The  modified  Ford  method  was  then  evaluated  with 
the  fresh  (TEL-4001  to  TEL-4006),  laboratory  stressed  (TEL-4005), 
and  authentic  used  MIL-L-7808  lubricating  oils. 

(b)  Effect  of  Type  of  Easily  Oxidizable  Substrate 

Because  the  Ford  method  was  designed  to  take 
approximately  2  hours  to  complete  for  new  oils  and  the  RLLAT 
should  take  10  minutes  or  less  to  complete,  modifications  in  the 
Ford  method  were  necessary.  Another  problem  with  the  Ford  chemi¬ 
cal  stressing  method  is  shown  in  Figure  39.  Due  to  the  gradual 
change  in  the  rate  of  oxygen  absorption  as  the  induction  period 
ends,  the  test  must  be  run  10-40  minutes  longer  than  the  actual 
induction  period  so  that  an  extrapolation  can  be  carried  out  to 
determine  the  induction  period.  In  addition  to  increasing  the 
time  of  the  test,  the  necessity  of  extrapolation  to  determine  the 
induction  time  reduces  the  potential  of  the  Ford  method  for 
development  into  an  easy  to  operate,  base-level  RLLAT. 

Therefore,  the  effect  of  the  type  of  easily  oxidizable  substrate 
on  the  rate  of  oxygen  absorption  was  studied. 

The  results  in  Figure  40  (no  MIL-L-7800  oil 
present)  show  that  benzaldehyde  is  clearly  the  easiest  oxidizable 
substrate  tested.  The  stability  of  the  cyclohexene  is  due  to  the 
fact  that  it  is  stabilized  with  0.01%  BHT.  Since  a  supply  of 
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Figure  40.  Plots  of  Oxygen  Absorption  Versus  Reaction  Time  of 

AIBN  Stressing  at  50°C  of  Easily  Oxidized  Substances 
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unstabilized  cyclohexene  could  not  be  found,  no  further  work  was 
performed  with  cyclohexene. 

To  test  the  ability  of  the  benzaldehyde  reac¬ 
tion  system  to  differentiate  between  MIL-L-7808  oils  with  varying 
degrees  of  oxidative  degradation,  100  yl  samples  of  fresh  TEL- 
4005  oil  and  TEL-4005  oils  stressed  72  and  144  hours  (stable  life 
ended  at  96  hours)  were  added  to  the  reaction  system  prior  to  the 
addition  of  the  AIBN  initiator. 

However,  the  addition  of  the  oil  samples  to 
the  benzaldehyde  reaction  system  resulted  in  a  pressure  increase, 
not  a  pressure  decrease  (oxygen  absorption),  before  and  after  the 
AIBN  addition.  Therefore,  the  order  of  addition  was  changed  so 
that  the  oil  sample,  AIBN  in  chlorobenzene,  and  hexadecane  were 
added  to  the  25  ml  flask,  purged  with  oxygen,  equilibrated,  and 
then  the  benzaldehyde  injected  through  the  septum  to  start  the 
reaction.  The  data  presented  in  Figure  41  was  collected  using 
this  order  of  addition. 

As  seen  in  Figure  41,  the  modified  Ford  method 
with  benzaldehyde  differentiates  between  the  fresh  and  stressed 
TEL-4005  oil  samples.  The  rate  of  oxygen  absorption  is  much 
slower  than  desired,  and  the  induction  time  for  the  freBh  TEL- 
4005  oil  is  over  20  minutes.  Therefore,  further  research  was 
conducted  to  shorten  the  induction  period  and  to  increase  the 
rate  of  oxygen  absorption  after  the  end  of  the  induction  period. 

(c)  Effect  of  Hexadecane 

In  order  to  simplify  the  modified  Ford  method 
and  increase  the  rate  of  oxygen  absorption,  the  effect  of 
eliminating  the  hexadecane  from  the  reaction  system  was  studied. 
In  one  system,  hexadecane  ( 9  ml )  and  0.2  M  AIBN  in  chlorobenzene 
(0.5  ml)  were  U3ed  while  in  another  system  only  0.2  M  AIBN  in 
chlorobenzene  (9  ml)  was  used.  The  elimination  of  hexadecane 
shortened  the  time  before  the  oxygen  absorption  became  rapid  from 
4  to  2  minutes,  sharpened  the  transition  period,  and  increased 
the  rate  of  oxygen  absorption.  Therefore,  eliminating  hexadecane 
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Figure  41.  Plots  of  Oxygen  Absorption  versus  Reaction  Time  of  AIBN  Stressing  at  60  C  of  Fresh 
and  Oxidatively  Stressed  TEL-4005  Oils. 


not  only  simplified  the  modified  Ford  method  but  also  produced  a 
shorter,  better  defined  induction  time. 

(d)  Effect  of  AIBN  Solution  Concentration 

In  an  attempt  to  increase  the  rate  of  oxygen 
absorption,  the  effect  of  increasing  the  concentration  of  the 
AIBN  solution  from  0.2  M  to  0.5  M  was  investigated.  Although  the 
rate  of  oxygen  absorption  was  increased  and  the  induction  time 
shortened,  the  0.5  M  AIBN  solution  was  stable  for  less  than  24 
hours  with  precipitation  occurring  overnight.  Due  to  this  in¬ 
stability,  the  0.2  M  AIBN  was  used  in  all  of  the  following  work. 

(e)  Effect  of  AIBN  Solution  and  Benzaldehyde 

Quantities 

In  an  attempt  to  decrease  the  equilibration 
time  while  increasing  the  oxygen  absorption,  different  combina¬ 
tions  of  the  AIBN  solution  and  benzaldehyde  were  investigated. 

It  was  found  that  decreasing  the  quantity  of  AIBN  solution  from 
9  ml  to  4  ml,  decreased  the  equilibration  time  from  5  minutes  to 
2  minutes  without  significantly  affecting  the  rate  of  oxygen 
absorption.  Decreasing  the  quantity  of  benzaldehyde  from  1  to 
0.5  ml  also  did  not  affect  the  rate  of  oxygen  absorption  sig¬ 
nificantly  but  did  produce  a  sharper  transition  period.  Further 
decreases  in  the  quantities  of  the  AIBN  solution  and  benzaldehyde 
decreased  the  rate  of  oxygen  absorption  without  significantly 
affecting  the  equilibration  or  transition  period.  Therefore,  all 
further  work  was  performed  using  4  ml  of  the  0.2  M  AIBN  solution 
and  0.5  ml  of  benzaldehyde  and  a  equilibration  time  of  two 
minutes. 

(f)  Effect  of  Oxygen  Purge 

In  an  effort  to  simplify  the  chemical  stress¬ 
ing  method  further,  the  effect  of  eliminating  the  oxygen  purge 
was  investigated.  The  0.2  M  AIBN  in  chlorobenzene  (4.0  ml)  was 
pipetted  into  the  25  ml  flask,  allowed  to  equilibrate  for  2 
minutes,  and  then  benzaldehyde  (0,5  ml)  was  injected  through  the 


septum.  The  plots  of  oxygen  absorption  versus  reaction  time, 
with  and  without  an  oxygen  purge,  are  shown  in  Figure  42. 

Although  the  time  at  which  the  oxygen  absorp¬ 
tion  begins  is  similar  for  each  system,  the  oxygen  purge  results 
in  a  much  sharper  transition  period  and  faster  pressure  decrease. 
These  results  were  expected  since  air  is  only  approximately  one- 
fifth  oxygen.  Taking  this  into  account  (Air  Adjusted  in 
Figure  42)  the  absorption  of  oxygen  is  similar  for  the  two 
systems.  Thus,  oxygen  purges  were  used  for  the  rest  of  the 
studies  in  order  to  enhance  the  pressure  changes. 

(g)  Effect  of  Oil  Sample  Size 

Since  the  induction  time  of  the  fresh  TEL-4005 
oil  was  approximately  30  minutes  using  a  100  pi  sample,  research 
was  conducted  to  find  the  amount  of  a  MIL-L-7808  lubricating  oil 
that  would  produce  an  induction  time  of  approximately  10  minutes. 
The  results  for  50,  20  and  10  pi  samples  of  the  TEL-4005  oil  are 
shown  in  Figure  43. 

As  seen  in  Figure  43,  the  induction  time 
decreases  proportionally  with  sample  size.  Although  the  10  pi 
sample  gave  a  shorter  induction  period  than  the  20  pi  sample 
(Figure  43),  the  20  pi  sample  size  was  chosen  for  the  optimum 
procedure,  since  it  would  allow  for  better  differentiation  of  the 
stressed  samples  (longer  induction  periods). 

(h)  Modified  Ford  Method 

The  modified  Ford  method  involves  pipetting 
20  pi  of  MIL-L-7808  lubricating  oil  and  4  ml  of  the  0.2  M  AIBN 
chlorobenzene  solution  into  the  25  ml  flask.  Oxygen  is  then 
bubbled  rapidly  through  the  reaction  solution  for  1  minute,  and 
then  the  reaction  solution  is  allowed  to  equilibrate  for  2 
minutes  with  stirring.  Benzaldehyde  (0.5  ml)  is  then  injected 
through  the  stopper  using  a  2  ml  syringe  to  start  the  analysis 
period. 


modified 


The  other  major  modification 
Ford  method  is  the  manner  in  which  the 


used  by  the 
induction  period 
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Figure  43.  The  Effect  of  Sample  Size  (TEL-4005  Oil)  on  the  Oxygen  Absorption  versus  Reaction  Time 
of  AIBN  Stressing  at  60°C  of  Benzaldehyde . 


is  determined.  Instead  of  using  extrapolation  techniques  as 
illustrated  in  Figure  39,  the  induction  time  for  this  work  is 
defined  as  the  length  of  time  required  for  the  oxygen  absorption 
to  result  in  a  pressure  decrease  of  18  torr.  The  main  advantage 
of  defining  the  induction  period  in  this  manner  is  that  it 
eliminates  any  need  for  interpretation  by  the  analyst,  thus 
shortening  the  total  time  and  ease  of  operation  of  the 
technique. 

(i)  Effect  of  Time  on  the  AIBN  Solution 

Due  to  its  ability  to  thermally  produce  free 
radicals  at  relatively  low  temperatures  (60°C),  the  AIBN  in  solid 
form  requires  refrigeration  when  not  in  use.  To  determine  the 
effect  of  aging  on  the  AIBN  solution,  the  modified  Ford  method 
was  performed  on  the  TEL-4005  lubricating  oil  using  a  freshly 
prepared  AIBN  solution  and  AIBN  solutions  which  had  been  allowed 
to  sit  at  room  temperature  for  1  day,  1  week,  2  weeks,  and  1 
month.  The  plots  of  oxygen  absorption  versus  reaction  time  for 
the  freshly  prepared  and  aged  AIBN  solutions  are  shown  in  Figure 
44. 

The  plots  in  Figure  44  show  that  the  main 
effect  of  aging  on  the  AIBN  solution  occurs  in  the  first  24 
hours.  During  the  first  24  hours  the  induction  time  produced  by 
the  AIBN  increases,  indicating  a  decrease  in  the  concentration  of 
free  radicals  produced  by  AIBN.  After  24  hours,  the  produced 
induction  periods  are  fairly  constant  for  AIBN  solutions  aged  up 
to  2  weeks. 


However,  after  2  weeks  the  effect  of  aging  on 
the  AIBN  solution  increases  with  time  resulting  in  less  defined, 
longer  induction  periods.  Also  a  precipitate  was  observed  in  the 
one  month  aged  AIBN  solution. 

These  results  indicate  that  the  ability  of  the 
AIBN  solution  to  produce  free  radicals  at  60°C  decreases  with 
aging  times.  Although,  the  long  term  instability  of  the  AIBN 
solution  limits  the  suitability  of  the  modified  Ford  method  for 
development  into  a  RLLAT,  refrigeration  of  the  AIBN  solution  or 


using  solid  AIBN  in  place  of  the  AIBN  solution  could  be  used  to 
eliminate  the  instability  problem. 

(j)  Effect  of  Formulation 

To  determine  the  effects  of  formulation  on  the 
induction  periods  determined  by  the  modified  Ford  method,  the 
induction  periods  of  the  TEL-4001  through  TEL-4006  MIL-L-78Q8 
lubricating  oils  were  determined.  The  resulting  plots  of  oxygen 
absorption  versus  reaction  time  for  the  MIL-L-7808  lubricating 
oils  are  shown  in  Figure  45. 

As  expected,  the  TEL-4001  through  TEL-4006 
oils  produce  different  induction  periods  (Figure  45).  The  dif¬ 
ferent  induction  periods  were  expected,  since  each  oil  was  shown 
by  cyclic  voltammetry  to  contain  differing  concentrations  of 
antioxidants  (Figures  10  and  11).  The  main  problem  with  the  wide 
range  of  induction  periods  produced  by  the  different  fresh  MIL-L- 
7808  oils  is  that  the  experimental  conditions  required  to  obtain 
induction  periods  of  less  than  10  minutes  for  the  TEL-4004  oil 
would  greatly  decrease  the  modified  Ford  method's  capability  to 
assess  the  RLL  of  stressed  oil  samples. 

(k)  Analysis  of  Thermally  Oxidized  TEL-4005 

Oil  Samples 

In  order  to  determine  the  modified  Ford 
method's  capability  to  assess  RLL,  the  series  of  stressed  TEL- 
4005  oils  were  studied.  The  plots  of  oxygen  absorption  versus 
reaction  time  for  the  oil  samples  are  shown  in  Figure  46. 

The  results  in  Figure  46  show  that  the 
modified  Ford  method  is  capable  of  distinguishing  between  oil 
samples  of  differing  degrees  of  thermal  oxidation  and  that  the 
AIBN  induction  time  decreases  as  the  thermal  oxidative  stressing 
time  increases.  Thus,  the  results  of  the  modified  Ford  method 
are  related  to  the  RLL  of  the  stressed  TEL-4005  oil  samples. 

However,  the  plot  of  the  AIBN  induction  time 
(oxygen  absorption  of  18  torr)  versus  the  thermal-oxidative 
stressing  time  shown  in  Figure  47  is  not  a  smooth  curve.  The 
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Figure  ^5.  Plots  of  Oxygen  Absorption  Versus  Reaction  Time  of  AIBN  Stressing  at  60  C  for 
the  Different  MIL-L-7808  Oils. 


Stressing  Time  (Hr.) 


Figure  47.  Plot  of  Induction  Time  (AIBN  at  60°C)  versus  Thermal  Oxidation 
Stressing  Time  for  the  TEL-4005  Oils  (Stable  Life  Ends 
at  96  Hours) . 


plot  appears  to  be  made  up  of  two  separate  curves.  The  first 
curve  is  from  0  to  24  hours  of  thermal-oxidative  stressing  time 
and  indicates  a  rapid  decrease  in  the  AIBN  induction  periods  of 
the  stressed  samples.  The  second  curve  is  from  24  to  96  hours  of 
thermal-oxidative  stressing  time  and  indicates  a  much  slower 
decrease  in  the  AIBN  induction  periods  of  the  stressed  samples. 

(1)  Summary  of  the  Modified  Ford  Method 

t 

The  results  of  its  initial  evaluation  indicate 
that  the  modified  Ford  method  has  limited  potential  for  develop¬ 
ment  into  a  P.LLAT  candidate.  Although  the  modified  Ford  method 
requires  only  20  pi  of  the  oil  sample ,  can  be  performed  using 
inexpensive  equipment,  and  has  RLL  assessment  capabilities,  the 
modified  Ford  method  is  hard  to  operate  and  the  age  of  the  AIBN 
initiator  solution  affects  the  RLL  assessments.  Also,  the  AIBN 
induction  times  range  from  12  to  20  minutes  for  the  different 
MIL-L-7808  oils  and  the  modified  Ford  method  requires  a  2  minute 
oxygen  purge  and  temperature  equilibration  time  prior  to  the 
analysis  time* 

Therefore,  the  modified  Ford  method  was 
eliminated  from  further  consideration  as  a  RLLAT  candidate. 

e.  Hydroperoxide  Measurements 
(1)  Introduction 

The  primary  oxidation  product  of  the  ester 
basestock  is  the  hydroperoxide  (ROOH  in  Reaction  3). 
Hydroperoxides  are  also  produced  by  interaction  between  free 
radical  trapping  antioxidants  and  peroxide  radicals  (Reaction  6). 
The  generated  hydroperoxides  are  then  depleted  by  thermal  decom¬ 
position  (Reaction  4).  Thus,  a  steady  state  concentration  is 
obtained  for  the  hydroperoxides  during  the  initial  stages  of  an 
MIL-L-7808  lubricating  oil's  stable  life. 

However,  as  the  oxidation  time  of  the  MIL-L-7808 
lubricating  oil  increases,  the  antioxidants'  concentrations 
decrease  allowing  the  production  rate  of  the  hydroperoxide  to 
increase  (Reaction  3).  Since  the  depletion  rate  of  the 


hydroperoxides  remains  fairly  constant  (Reaction  4  controlled 
mainly  by  temperature),  the  concentration  of  hydroperoxides 
slowly  increases  with  oxidation  time.  Once  the  stable  life  of 
the  MIL-L-7808  oil  ends,  the  production  of  the  hydroperoxides  is 
no  longer  inhibited  and  becomes  very  rapid  resulting  in  a 
dramatic  increase  in  the  hydroperoxide's  concentration. 
Consequently,  the  concentration  of  the  hydroperoxides  is  in¬ 
versely  proportional  to  the  concentration  of  the  antioxidants  in 
the  MIL-L-7808  oil  (Figure  48). 

Although  numerous  analytical  techniques  have  been 
developed  for  determining  the  concentration  of  organic  peroxides, 
the  iodine  liberation  methods  are  the  most  popular.  Of  the 
iodine  liberation  methods,  the  set  of  methods  developed  by  Mair 
and  Graupner  (Reference  23)  appear  to  have  the  best  potential  for 
development  into  a  RLLAT  candidate. 

The  methods  are  based  upon  the  peroxide  oxidation 
of  sodium  iodide  in  isopropanol.  Since  sodium  iodide  is  not 
oxidized  by  air  when  dissolved  in  isopropanol,  the  need  for  blank 
determinations  is  eliminated.  The  set  of  methods  developed  by 
Mair  and  Graupner  are  also  capable  of  distinguishing  between 
different  types  of  organic  peroxides.  Method  I  stoichiometr i- 
cally  determines  peracids  and  hydroperoxides,  method  II 
stoichiometrically  determines  those  of  method  I  plus  peresters, 
ketone  peroxides,  and  aldehyde  peroxides,  while  method  III 
stoichiometrically  determines  all  organic  peroxides  regardless  of 
their  structure,  including  di-tert-alkyl  peroxides. 

In  addition  to  the  well-established  iodine  libera¬ 
tion  methods,  electrochemical  techniques  have  been  used  to 
determine  the  concentration  of  hydroperoxides  in  various  com¬ 
pounds  (References  24  and  25).  Of  these  electrochemical 
techniques,  a  cyclic  voltammetric  technique  which  employs  a 
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Figure  48.  Hydroperoxide  (-00H:  Sand  e  ■  Initial  Amine  Concentrations  of 
7.0  x  10“4  and  2.9  x  10"3  M,  Respectively)  Formation  and  Amine 
Antioxidant  (AH:  Qand  ©  ■  Initial  Concentrations  of  7.0  x  10"^ 
and  2.9  x  10" 3M,  Respectively)  Consumption  in  the  Inhibited 
Autoxidation  of  Pentaerythrityl  Tetraheptanoate  (Reproduced  from 
Reference  20). 
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platinum  working  electrode  (Reference  25)  appears  to  be  the  best 
suited  technique  for  development  into  a  RLLAT  candidate. 

Therefore,  in  order  to  evaluate  the  different 
techniques'  potentials  as  RLLAT  candidates,  an  investigation  was 
conducted  to  compare  the  hydroperoxide  and  peroxide  determina¬ 
tions  of  the  selected  iodine  liberation  methods  and  of  the  cyclic 
voltammetric  techniques  using  platinum,  glassy  carbon,  and  thin 
film  mercury  on  gold  working  electrodes. 

(2)  Iodine  Liberation  Techniques 

In  order  to  evaluate  the  RLL  assessment 
capabilities  of  the  different  iodine  liberation  techniques,  the 
samples  of  TEL-4005  lubricating  oil  stressed  for  0  to  144  hours 
(stable  life  ended  at  96  hours)  were  analyzed.  The  results  of 
the  different  idoine  liberation  techniques  are  plotted  versus 
stressing  time  in  Figure  49. 

The  results  in  Figure  49  show  that  the  organic 
peroxides  present  in  the  stressed  MIL-L-7808  oil  samples  are 
determined  stoichiometrically  by  methods  II  and  III,  but  not  be 
method  I.  These  results  indicate  that  the  organic  peroxides 
present  in  stressed  oil  samples  are  less  than  5  percent 
hydroperoxides,  and  instead,  appear  to  be  perester-ketone  type 
peroxides. 

To  confirm  these  results  cumene  hydroperoxide  was 
analyzed  by  method  I  and  produced  stoichiometric  results  after 
less  than  three  minutes  of  reaction  time.  Also,  dicumene 
peroxide  did  not  liberate  any  detectable  amounts  of  iodine  by 
method  I,  even  after  30  minutes  of  reaction  time,  but  liberated 
stoichiometric  amounts  of  iodine  by  methods  II  and  III. 

Even  though  they  make  up  less  than  5  percent  of  the 
stressed  oil  samples'  peroxide  contents,  the  concentration  of  the 
hydroperoxides  determined  by  method  I  increases  almost  linearly 


with  stressing  time  up  to  96  hours  (end  of  TEL-4005  oil's  stable 
life).  After  the  stable  life  ends,  the  hydroperoxides  increase 
at  a  slightly  faster  rate.  In  contrast  to  the  hydroperoxides, 
the  total  peroxide  content  determined  by  methods  II  or  III  are 
independent  of  the  stressing  time  between  24  and  96  hours,  after 
which  time  they  increase  rapidly. 

Thus,  since  method  I  was  the  only  iodine  liberation 
technique  which  could  be  performed  in  less  than  10  minutes  and 
the  hydroperoxide's  concentration  appeared  to  be  related  to  the 
RLL  of  the  TEL-4005  oils,  method  I  was  selectee  as  the  iodine 
liberation  method  with  the  most  potential  for  development  into  a 
RLLAT  candidate. 

(3)  Cyclic  Voltammetric  Techniques 

(a)  Introduction 

In  order  to  evaluate  the  capability  of  cyclic 
voltammetry  to  determine  the  concentration  of  organic  peroxides 
in  used  MIL-L-7808  oils,  the  effect  of  the  type  of  working 
electrode  on  the  cyclic  voltammetry's  peroxide  determinations  was 
investigated.  For  this  study  platinum,  glassy  carbon,  and  thin 
film  mercury  (gold  substrate)  working  electrodes  were  studied. 
Although  the  reported  cyclic  voltammetric  technique 
(Reference  25)  employed  a  platinum  working  electrode,  the 
platinum  electrode  could  only  be  used  to  -0.4  V  due  to  its  high 
sensitivity  to  impurities  in  the  solvent  system,  and  thus,  was 
eliminated  from  further  consideration. 

(b)  Thin  Film  Mercury  Working  Electrode 

The  next  working  electrode  studied  was  the 
thin  film  mercury  on  gold  ( Hg-AUE )  electrode.  The  Hg-AUE 
electrode's  surface  is  similar  to  that  of  the  dropping  mercury 
electrode  of  polarography  which  has  been  successfully  used  in 
various  hydroperoxide  determinations  (Reference  24). 


Although  the  Hg-AUE  electrode  was  unable  to 
detect  11  solutions  of  benzoyl  peroxide,  cumene  hydroperoxide  and 
dicumene  peroxide,  it  was  able  to  detect  oxidatively  generated 
species  in  the  laboratory  stressed  oil  samples.  The  generated 
species  produced  broad  reduction  waves  from  0.0  to  -1.7  V 
(Figure  50).  At  a  potential  of  -0.1  V,  an  additional  reduction 
wave  is  produced  for  the  stressed  oil  samples  (96-144  hours  in 
Figure  50)  taken  after  the  stable  life  of  the  TEL-4005  oil  had 
ended. 

The  reducible  species  are  believed  to  be 

hydroperoxides  even  though  the  Hg-AUE  electrode  could  not  detect 

cumene  hydroperoxide.  The  hydroperoxide  concentrations  deter- 

.3 

mined  by  cyclic  voltammetry  are  estimated  to  be  in  the  10  M 
range  (method  I  determined  the  hydroperoxide  concentrations  to 

_3 

range  from  0.1  to  4.0  x  10-3  M).  The  concentration  of 

hydroperoxides  determined  by  cyclic  voltammetry  can  only  be 
estimated  due  to  the  broadness  of  the  reduction  waves  and  because 
the  reduction  waves  did  not  reach  a  maximum  value  before  the 
impurities  in  the  solvent  system  began  to  reduce  at  -1.7  V.  By 
plotting  the  current  at  a  specific  voltage,  e.g.  -1.5  V,  versus 
the  stressing  time  of  the  oil  samples,  one  could  produce  a 
calibration  curve  to  aid  in  the  assessment  of  RLL,  even  though 
the  actual  hydroperoxide  concentrations  are  unknown. 

The  reduction  peaks  at  -0. 1  V  can  not  be  used 
to  assess  RLL  since  the  species  responsible  for  the  peak  are  only 
detected  after  the  stable  life  has  ended.  Also,  the  reduction 
peak  at  -0.1  V  would  be  unreliable  since  it  appears  to  be 
produced  by  a  specific  hydroperoxide  which  may  not  be  produced  by 
all  of  the  different  MIL-L-7808  oils’  ester  basestocks. 

(c)  Glassy  Carbon  Working  Electrode 

The  last  working  electrode  investigated  for 
the  cyclic  voltammetric  determinations  of  hydroperoxides  is  the 


Voltanmograms  of  Hydroperoxides  Present  in  New  and  Laboratory  Stressed  TEL-4005 
Lubricating  Oils  in  Acetone  Using  a  Hg— AUE  Electrode. 


glassy  carbon  (GCE)  electrode.  Although  no  work  has  been  pul- 
bished  on  the  use  of  GCE  electrodes  for  hydroperoxide 
determinations,  the  GCE  electrode  was  able  to  detect 
benzoylperoxide  (A)  and  cumene  hydroperoxide  (B)  (Figure  51),  but 
not  dicumene  peroxide.  In  fact,  due  to  the  high  stability  of 
dicumene  peroxide,  no  electrochemical  technique  has  been  able  to 
detect  it.  The  Mair  and  Graupner’s  iodometric  method  is  one  of 
the  few  techniques  capable  of  quantitatively  analyzing  for 
dicumene  peroxide. 

The  GCE  electrode  was  then  used  to  analyze  the 
laboratory  stressed  TEL-4005  oils  for  hydroperoxide  content.  The 
voltammograms  produced  by  the  glasBy  carbon  electrode  are  shown 
in  Figure  52,  and  except  for  the  reduction  wave  at  -0.1  V, 

(Figure  50),  the  voltammograms  produced  by  the  Hg-AUE  and  GCE 
electrodes  are  very  similar.  Even  though  the  voltammogram  of 
cumene  hydroperoxide  (Figure  51)  produced  by  the  GCE  electrode 
has  a  maximum,  the  voltammograms  of  the  stressed  oil  samples  do 
not  possess  a  maximum  (Figure  52).  As  with  the  Hg-AUE  voltam¬ 
mograms,  the  plots  of  the  current  produced  by  the  GCE  electrode 
at  a  specific  voltage  versus  the  stressing  time  of  the  oil  sample 
could  be  used  to  aid  in  RLL  assessments. 

The  main  advantage  of  the  glassy  carbon 
electrode  over  the  Hg-AUE  electrode  is  that  the  GCE  electrode  can 
be  used  to  determine  the  concentration  of  antioxidants  present  in 
the  oil  sample  (0.0  to  1.5  V)  (Figure  8)  but  the  Hg-AUE  electrode 
can  not  be  used  above  0.2  V  (oxidation  of  Hg).  Also  the  GCE 
electrode  is  much  easier  to  maintain  than  the  Hg-AUE  electrode. 
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Figure  52.  Voltamograms  of  Hydroperoxides  in  Hew  and  Laboratory  Stressed  (24-144  Hours)  TEL-4005 
Lubricating  Oils  in  Acetone  ffsing  a  Glassy  Carbon  Working  Electrode. 


(4)  Summary  of  Alkyl  Hydroperoxide  Detection 

Techniques 

The  initial  investigation  indicated  that  the 
alkyl  hydroperoxide  detection  techniques  have  limited  potential 
for  development  into  RLLAT.  The  broad  voltammograms  (Figures  50 
and  52)  indicate  that  numerous  hydroperoxides  are  produced  by  the 
ester  basestock  of  the  TEL-4005  oil  and  that  the  produced 
hydroperoxides  have  a  wide  range  of  reduction  potentials.  Since 
the  different  MIL-L-7808  oils  use  a  variety  of  ester  basestocks, 
the  number  of  different  hydroperoxides  produced  by  the  various 
ester  basestocks  and  the  range  of  their  respective  reduction 
potentials  will  be  great  causing  the  results  of  the  iodine 
liberation  and  cyclic  voltammetric  hydroperoxide  analyses  to  be 
formula  dependent. 

Consequently,  the  alkyl  hydroperoxide  results 
are  better  suited  for  degree  of  oxidative  degradation  estimations 
than  for  RLL  assessments. 

f.  Permangana tome trie  Method 
(1)  Introduction 

m  addition  to  the  colorimetric  and  modified  Ford 
chemical  stressing  techniques,  a  chemical  stressing  technique 
which  uses  the  strong  oxidant,  potassium  permanganate  ( IMnO^ ) , 
has  been  reported  (References  26  and  27)  and  is  referred  to  as 
the  permanganatometric  method.  Acidic  K4nO^  solutions  were  used 
to  determine  the  oxidation  stability  of  fresh  and  oxidized 
samples  of  hydrocarbon  fuels  and  lubricants.  As  the  hydrocarbon 
fuel  or  lubricant  becomes  increasingly  oxidized,  the  amount  of 
KMnO^  which  reacts  with  the  sample  increases. 
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However ,  in  unrelated  work*  KMnO^  has  been  used  to 
oxidize  amine  antioxidants  (Reference  28).  Also  the  hydrocarbon 
fuels  and  lubricants  analyzed  by  the  permanganatometric  method 
contained  less  than  0.003%  of  a  hindered  phenol  antioxidant, 
while  the  MXL-L-7808  oils  to  be  tested  employ  an  ester  basestock 
and  1-2%  of  amine  antioxidants. 

Therefore,  an  investigation  was  carried  out  to 
determine  if  the  presence  of  amine  antioxidants  or  ester 
basestocks  hinder  the  permanganatometric  method's  RLL 
assessments.  The  effects  of  KMnO^  concentration  and  the  reaction 
time  on  the  permanganatometric  method's  results  were  studied. 

(2)  Effect  of  KMnO^  Concentration 

To  determine  the  effect  of  the  IMnO^  concentration 
on  the  permanganatometric  method's  RLL  assessments,  fresh  and 
stressed  (96  hours)  TEL-4005  oils  were  reacted  with  0.1  and  0.01 
M  IWn04  solutions  for  30  minutes.  The  reacted  solutions  were 
then  titrated  with  a  0.02  M  sodium  thiosulfate  solution  to  deter¬ 
mine  the  quantity  of  unreacted  KMnO^  remaining  in  solution. 

When  the  0.1  M  FMnO^  solution  was  reacted  for 
30  minutes  with  the  fresh  and  stressed  TEL-4005  oil  samples,  the 
same  amount  of  unreacted  FMn04  solution  was  present  in  both 
reacted  solutions.  However,  when  the  0.01  M  fWnO^  solution  was 
reacted  for  thirty  minutes  with  the  fresh  and  stressed  oil 
samples,  the  reacted  solution  of  the  stressed  oil  contained  twice 
the  amount  of  unreacted  FWnO^  as  the  reacted  solution  of  the 
fresh  oil. 


(3)  Effect  of  Reaction  Time 

Since  the  initial  tests  indicated  that  the  perman- 
ganatometric  method  had  the  ability  to  distinguish  between  oil 
samples  of  varying  degrees  of  oxidation,  research  was  conducted 
to  shorten  the  reaction  time  from  thirty  minutes  to  less  than  ten 
minutes.  In  order  to  shorten  the  reaction  time,  vigorous  stir¬ 
ring  with  a  magnetic  stirrer  was  used  to  keep  the  oil  sample 
dispersed  in  the  aqueous  WinO^  solution  to  increase  the  interac¬ 
tion  between  the  two  phases. 

After  30,  15,  and  10  minutes  of  stirring,  the  fresh 
and  oxidized  oil  samples  required  3.5  +  0.2  ml  of  titrant,  i.e.  , 
reacted  solutions  contained  the  same  amounts  of  unreacted  IMnO^. 
Once  the  stirring  time  was  shortened  to  less  than  5  minutes,  the 
fresh  oil  still  required  3.5  +  0. 2  ml  of  titrant  but  the  oxidized 
oil  required  7.0  +  2.0  ml.  Thus,  the  amount  of  titrant  required 
by  the  fresh  oil  was  not  dependent  on  the  reaction  time,  while 
the  amount  of  titrant  required  by  the  stressed  oil  decreased  with 
time.  Therefore,  it  appears  that  the  species  reacting  with  the 
KMn04  are  of  nearly  equal  concentrations  in  the  fresh  and 
oxidized  oil  samples,  but  for  some  unknown  reason,  the  specias  in 
the  fresh  oil  react  at  a  faster  rate  than  those  in  the  oxidized 
oil.  Since  the  antioxidants  are  of  lower  concentration  in  the 
oxidized  oil  sample  than  in  the  fresh  oil,  species  other  than 
antioxidants  must  be  reacting  with  the  KMnO^. 

(4)  Summary  of  Permanganatometric  Method 

The  initial  evaluation  indicated  that  the  perman¬ 
ganatometric  method  has  very  limited  RLL  assessing  capabilities 
and  is  very  sensitive  to  small  variations  in  the 
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experimental  procedure.  Therefore*  the  pe rmang ana tome tr ic  method 
is  not  suited  for  development  into  a  RLLAT  and  was  eliminated 
from  further  consideration. 

g.  Electrical  Property  Measurements 
(1)  Introduction 

When  the  ester  basestocks  of  MIL-L-7808  lubricating 
oils  undergo  thermal-oxidative  degradation*  they  produce  polar 
compounds  which  affect  the  electrical  properties  of  the  oils. 
Several  authors  (References  29-36)  have  reported  that  there  is  a 
direct  relationship  between  the  degree  of  oxidative  degradation 
and  the  electrical  properties  of  the  lubricant.  The  Air  Force 
currently  uses  the  Complete  Oil-Breakdown-Rate  Analyzer  (COBRA) 
to  monitor  the  condition  of  used  MIL-L-7808  and  MIL-L-23699 
lubricating  oils  (References  35  and  36).  This  device  is  believed 
to  determine  the  electrical  properties  of  lubricants  which  can  be 
measured  in  less  than  5  minutes  using  very  inexpensive*  easy  to 
operate  instrumentation,  and  thus,  would  be  suitable  for  develop¬ 
ment  into  a  RLLAT.  However*  most  of  these  studies  were  designed 
to  detect  large  changes  in  the  lubricant's  degree  of  oxidative 
degradation.  It  has  also  been  reported  that  the  electrical 
property  measurements  of  the  COBRA  are  formula  dependent 
(References  35  and  36). 

Therefore*  an  investigation  was  conducted  to  deter¬ 
mine  the  potential  of  electrical  property  measurements  for 
development  into  a  RLLAT.  The  effect  of  formulation  and  oxida¬ 
tive  degradation  on  the  combined  resistance  and  capacitance  of 
fresh  and  laboratory  stressed  MIL-L-7808  lubricating  oils  were 
studied.  The  relationship  between  the  resistance  and  the  COBRA 
measurements  of  the  laboratory  stressed  MIL-L-7808  lubricating 
oils  were  also  determined. 
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(2)  Comparison  of  the  Electrical  Property  Measuring 

Systems  Used  by  UDRI  and  COBRA 

In  the  electrical  property  measuring  system  used  by 
UDRI ,  the  ratio  of  Vj/V  (Figure  53)  is  related  to  the  frequency 
of  the  input  waveform,  the  capacitances  and  resistances  of  the 
voltage  meters,  and  the  resistance  (R  )  and  C  ,  of  the  oil  filled 
sample  cell.  Since  all  of  the  quantities  are  known  except  for  R^ 
and  C  ,  the  V./V  ratio  can  be  used  to  approximate  R  and  C  . 

X  A  XX 

At  a  very  high  frequency,  e.g.  1000  Hz,  the  ratio 
of  Vj/V  is  related  to  the  capacitance  of  the  oil  sample,  and  at  a 
very  low  frequency,  e.g.  10  Hz,  the  ratio  V^/V  is  related  to  the 
resistance  of  the  oil  sample.  Therefore,  the  resistance  and 
capacitance  measurements  of  fresh  and  oxidatively  degraded  oils 
were  performed  with  waveform  inputs  of  10  and  1000  Hz. 

In  order  to  monitor  the  frequency  dependence  of 
MIL-L-7808  oils,  the  input  waveform  of  the  electrical  property 
measuring  system  used  by  UDRI  was  designed  with  two  important 
characteristics.  First,  a  d.c.  voltage  was  eliminated  from  the 
input,  because  the  lubricant  polarized  when  subjected  to  a  d.c. 
voltage  causing  the  readings  to  drift  with  time.  The  second 
characteristic  of  the  input  was  that  its  waveform  was  a  sine 
wave.  In  this  manner,  the  response  of  the  lubricant  was  depend¬ 
ent  on  only  one  frequency  component. 

In  contrast  to  the  electrical  property  measuring 
system  used  by  UDRI,  the  COBRA  instrument  employs  a  square  wave 
input,  a  d.c.  offset,  and  several  frequency  components.  The 
drift  during  the  initial  phase  of  the  COBRA  measurement  is  most 
likely  due  to  the  d.c.  offset.  The  drift  was  eliminated  when  the 
d.c.  offset  was  set  to  zero. 


Figure  53.  Schematic  of  Electrical  Circuit  Used  to  Measure 

Electrical  Properties  of  Oil  Samples. 

R  and  C_  -  Resistance  and  Capacitance  of 
ml  ml  Voltage  Meter  1,  Respectively 

R  and  C  -  Resistance  and  Capacitance  of 
m2  m2  Voltage  Meter  2,  Respectively 

r  -  Current  Sensing  Resistor 

R  and  C  ■  Resistance  and  Capacitance  of 
x  Sample  Cell,  Respectively 

V  ■  Voltage  Drop  Across  Measurement 

Cell 

V,  ■  Voltage  Drop  Across  Current 

Sensing  Resistor 
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(3)  Effect  of  Oxidative  Degradtion 


To  determine  the  effects  of  oxidative  degradation 
on  the  combined  resistance  and  capacitance  of  MIL-L-7808 
lubricating  oils,  the  TEL-4005  oil  samples  which  had  been 
stressed  for  24  to  120  hours  (stable  life  ended  at  96  hours)  were 
analyzed  with  10,  100  and  1000  Hz  sine  wave  inputs.  The  plots  of 
Vj/V  versus  stressing  time  for  the  inputs  of  10,  100,  1000  Hz  are 
shown  in  figure  54. 

The  plots  of  Vj/V  versus  stressing  time  for  a  10  Hz 
input  in  Figure  54  decrease  rapidly  with  stressing  time  indicat¬ 
ing  that  the  resistance  of  the  MIL-L-7808  oil  decreases  rapidly 
with  stressing  time.  The  resistance  of  the  oil  samples  are 
decreased  by  the  polar  compounds  produced  by  the  oxidative 
degradation  of  the  ester  basestock. 

As  the  frequency  of  the  input  is  increased  from 
10  Hz  to  1000  Hz,  the  effect  on  the  V^/V  ratio  due  to  resistance 
decreases,  while  the  effect  of  capacitance  increases.  As  seen  in 
Figure  54,  the  effect  of  oxidative  degradation  on  the  V^/V  ratio 
is  small  for  1000  Hz  inputs  in  comparison  to  the  effect  seen  for 
10  Hz  inputs.  Therefore,  it  appears  that  the  capacitance  of  the 
MIL-L-7808  oils  is  affected  to  a  much  lesser  degree  by  oxidative 
degradation  than  the  resistance  of  the  oil. 

(4)  Relationship  between  V/Vj  and  COBRA  Readings 

Since  the  COBRA  Instrument  is  thought  to  measure 
conductivity,  the  inverse  of  the  resistance  measurements  obtained 
by  the  10  Hz  input  for  the  stressed  MIL-L-7808  oil  samples  should 
be  proportional  to  the  oils'  respective  COBRA  readings.  The  plot 
of  V/Vj  (inverse  of  Vj/V)  for  a  10  Hz  input  versus  the  COBRA 
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Figure  54.  Plots  of  the  Vj/V  Ratio  for  10,  100  and  1000  Hz  Inputs  Versus 
Stressing  Time  for  Fresh  and  Stressed  (24  to  120  Hours) 
TEL-4005  Oils. 
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reading  for  the  fresh  and  stressed  TEL-4005  oil  samples  is  shown 
in  Figure  55. 

The  plot  of  V/Vj  at  10  Hz  versus  the  COBRA  readings 
shows  that  there  is  a  very  strong  correlation  (straight  line  with 
a  slope  of  1.1)  between  the  V/Vj  and  the  COBRA  measurements  when 
resistance  is  the  main  component  of  the  V/Vj  ratio.  Therefore# 
it  appears  that  the  COBRA  instrument  measures  the  conductivity  of 
used  MIL-L-7808  oil  samples. 

(5)  Effect  of  Formulation 

To  determine  the  effect  of  formulation  on  the 
resistance  and  capacitance  of  fresh  MIL-L-7808  lubricating  oils# 
the  VT/V  ratios  of  fresh  TEL-4001,  TEL-4004,  TEL-4005  and  TEL- 
4006  MIL-L-7808  oils  were  determined  at  10  and  1000  Hz.  The 
results  are  presented  in  Table  3. 

The  results  presented  in  Table  3  show  that  the  Vj/V 
ratio  produced  by  a  10  Hz  input  is  more  affected  by  formulation 
than  the  Vj/V  ratio  produced  by  the  1000  Hz  input.  Thus,  for¬ 
mulation  affects  the  resistance  component  of  the  Vj/V  ratio  to  a 
greater  extent  than  the  capacitance  component. 

(6)  Summary  of  Electrical  Property  Measurements 

The  initial  investigation  indicated  that  the 
electrical  property  measurements  have  limited  potential  for 
development  into  RLLAT.  The  measurements  based  on  resistance  (or 
conductance  by  the  COBRA)  are  sensitive  to  changes  in  the  oxida¬ 
tive  degradation  of  oil  samples  but  are  also  formula  dependent. 

In  contrast#  the  measurements  based  on  capacitance  are  not  for¬ 
mula  dependent  but  are  also  not  sensitive  to  changes  in  the 
oxidative  degradation  of  the  oil  samples. 


COBRA  Reading 


TABLE  3 

EFFECT  OF  FORMULATION  ON  Vj/V  PRODUCED  BY  10  AND  1000  Hz  INPUTS 


MIL-L-7808  OIL 

J/TZv_ 

10  HZ 

1000  Hz 

TEL-4001 

8.32 

.529 

TEL-4004 

10.85 

.528 

TEL-4005 

9.08 

.529 

TEL-4006 

7.39 

.569 
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Consequently,  the  electrical  property  measurements 
are  better  suited  for  degree  of  oxidative  degradation  estimations 
than  for  RLL  assessments. 

h.  Fluorescence  Spectrophotometry 

(1)  Introduction 

The  technique  of  fluorescence  spectrophotometry  has 
been  used  extensively  for  determining  the  oxidative  degradation 
of  mineral  oils  and  hydrocarbon  lubricating  oils  (References  37- 
41).  Therefore,  an  investigation  was  conducted  to  determine  if 
fluorescence  measurements  could  be  used  to  assess  the  RLL  of  used 
MIL-L-7808  lubricating  oils.  The  effect  of  formulation  on  the 
fluorescence  of  fresh  MIL-L-7806  oils  was  also  studied. 

(2)  Effect  of  Formulation 

To  determine  the  effect  of  formulation  on  the 
fluorescence  of  fresh  MIL-L-7808  lubricating  oils,  the  TEL-4003, 
TEL-4005,  and  TEL-4006  oils  were  tested.  The  plots  of  the  inten¬ 
sity  of  fluorescence  versus  emission  wavelength  for  the  fresh 
TEL-4003,  TEL-4005,  and  TEL-4006  oils  are  shown  in  Figure  56. 

The  plots  in  Figure  56  indicate  that  formulation 
has  a  very  strong  effect  on  the  fluorescence  of  MIL-L-7808  oils. 
The  intensity  of  the  fluorescence  produced  by  the  TEL-4006  oil  is 
only  30%  of  that  produced  by  the  TEL-4003  oil.  Whether  the 
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Figure  56.  Effect  of  Formulation  on  the  Fluorescence  of  Fresh  MIL-L 
7808  Lubricating  Oils. 


differences  in  the  MIL-L-7808  oils'  fluorescence  Intensities  are 
due  to  antioxidant,  ester  basestock,  or  other  formulation  dif¬ 
ferences  was  not  determined. 

(3)  Effect  of  Oxidative  Degradation 

To  determine  the  effect  of  oxidative  degradation  on 
the  fluorescence  of  MIL-L-7808  oils,  fresh  and  slightly  degraded 
(stressed  24  hours)  TEL-4005  oils  were  tested.  The  plots  of  the 
intensity  of  fluorescence  versus  emission  wavelength  for  the 
fresh  and  slightly  degraded  (LS-24)  oils  are  shown  in 
Figure  57. 

The  plots  in  Figure  57  show  that  the  fluorescence 
is  extremely  sensitive  to  oxidative  degradation.  The  fluores- 
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cence  of  LS-24  is  approximately  3  x  10  as  intense  as  the  fresh 

lubricant.  The  oil  samples  degraded  longer  than  24  hours  did  not 

produce  detectable  levels  of  fluorescence  on  the  MK-1 

spectrophotometer.  Therefore,  their  fluorescences  were  less  than 
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10  as  intense  as  the  fresh  oil.  Whether  the  darkening  of  the 
oil  sample  or  the  loss  of  fluorescing  species  through  oxidative 
degradation  of  the  oil  was  responsible  for  the  reduced  fluores¬ 
cence  was  not  determined. 

(4)  Summary  of  Fluorescence  Spectrophotometry 

The  initial  investigation  indicated  that  fluores¬ 
cence  spectrophotometry  has  very  limited  potential  for 
development  into  a  RLLAT.  Fluorescence  spectrophotometry  is  very 
formula  dependent  and  is  extremely  sensitive  to  small  changes  in 
the  oxidative  degradation  of  the  oil  samples. 

Consequently,  fluorescence  spectrophotometry  is  not 
suited  for  RLL  assessments  or  degree  of  oxidative  degradation 
estimations. 


i.  Comparison  of  Identified  Analytical  Procedures 


During  Task  1,  various  analytical  procedures  were  iden¬ 
tified  and  initially  evaluated  for  development  into  a  RLLAT 
candidate.  As  previously  listed  in  Table  2,  the  analytical 
techniques  with  potential  for  development  into  RLLAT  candidates 
were  categorized  into  three  main  groups:  voltammetries  thermal 
stressing,  and  chemical  stressing.  The  analytical  techniques 
which  have  been  investigated  but  do  not  have  potential  for 
development  into  RLLAT  candidates  or  those  which  have  been  iden¬ 
tified,  but  not  investigated,  were  also  included  in  Table  2.  The 
characteristics  used  to  evaluate  the  potentials  of  the  analytical 
techniques  for  development  into  RLLAT  are  listed  in  Table  4. 

Of  the  techniques  listed  in  Table  2,  the  voltam- 
metric  techniques  were  ranked  first  for  development  into  a  RLLAT 
due  to  their  ease  of  operation  and  very  short  analysis  times. 
Although  the  relationship  between  the  data  produced  by  the  vol- 
tammetric  technique  and  the  RLL  of  MIL-L-7808  oils  had  not  been 
fully  established,  the  preliminary  results  presented  in  Figure  30 
indicated  that  there  was  a  strong  correlation  between  the  two 
values. 

Thermal  stressing  techniques  were  ranked  in  front 
of  the  chemical  stressing  techniques,  because  thermal  techniques 
do  not  require  the  toxic  chemicals  used  by  the  chemical  stressing 
techniques  and  because  the  thermal  techniques  are  much  easier  to 
operate.  The  only  advantage  of  the  chemical  stressing  techniques 
over  the  thermal  stressing  techniques  was  instrumental  cost 
(Table  4).  For  this  reason,  the  low  cost  high  pressure- 
differential  thermal  analysis  (HP-DTA)  technique  was  included  in 
Table  4. 
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2.  TASK  2.  DEVELOPMENT  OF  REMAINING  LUBRICANT  LIFE  ASSESSMENT 
TEST  CANDIDATES 

a.  Introduction 

During  Task  1  of  this  investigation,  the  analytical 
procedures  based  on  voltammetric,  thermal  stressing,  and  chemical 
stressing  techniques  were  identified  as  having  potential  for 
development  into  RLLAT.  In  Task  2  of  this  investigation,  sets  of 
fresh  and  thermally-oxidized  MIL-L-7808  oil  samples  were  used  to 
develop  RLLAT  candidates  from  the  identified  analytical 
procedures. 

The  development  of  the  RLLAT  candidates  was  performed  in 
two  steps.  In  the  first  step,  the  experimental  parameters  of  the 
analytical  procedures  were  optimized  using  the  fresh  TEL-4001 
through  TEL-4006,  TEL-5001,  and  TEL-5002  MIL-L-7808  lubricating 
oils.  When  optimized,  the  experimental  parameters  enabled  the 
analytical  procedures  to  analyze  fresh  MIL-L-7808  o’.l,  regardless 
of  formulation,  in  less  than  10  minutes  and  to  differentiate 
between  stressed  MIL-L-7808  oil  samples,  regardless  of  the  degree 
of  oxidative  degradation. 

In  the  second  step  of  the  developmental  research, 
laboratory  stressed  samples  of  the  TEL-4001  through  TEL-4006,  TEL- 
5001,  and  TEL-5002  MIL-L-7808  lubricating  oils  were  prepared  using 
Federal  Tost  Method  Standard  791  Method  5307.1  at  370°F.  The 
stressed  MIL-L-7808  oil  samples  were  characterized  by  measuring 
the  samples1  physical  properties  (viscosity,  total  acid  number, 
COBRA,  and  Mg  concentration)  and  antioxidant  concentrations.  The 
physical  properties  and  antioxidant  concentrations  of  the  oil 
samples  were  then  plotted  versus  stressing  time  to  determine  the 
end  of  each  MIL-L-7808  oil's  stable  life  as  described  in 
Appendix  A.  The  stable  life  and  antioxidant  system  determined  in 
Appendix  A  for  each  MIL-L-7808  oil  are  listed  in  Table  5. 

The  sets  of  fresh  and  stressed  TEL-4001  through  TEL-4006 
MIL-L-7808  oils  were  then  analyzed  by  each  optimized  analytical 
procedure  to  establish  the  mathematical  relationships  between  the 
results  of  each  procedure  and  the  RLL  of  MIL-L-7808  oils.  The 
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TABLE  5 


STABLE  LIVES  (370#F)  AND  ANTIOXIDANT 
CONCENTRATIONS  OF  MIL-L-7808  OILS 


MIL-L-7808  Oil 


Stable  Life  at  370*F 
(Hours) 


Antioxidant  Concentrations 


TEL-4001 

105 

Octyl-PANA  (0.7%) 
DODPA  (0.7%) 

UNK 

TEL-4002 

175 

PANA  (0.9%) 

DODPA  (1.1%) 

TEL-4003 

240 

PANA  (1.0%) 

DODPA  (1.7%) 

TEL-4004 

205 

PANA  (1.2%) 

DODPA  (1.2%) 

TEL-4005 

155 

PANA  (0.4%) 

DODPA  (l.G%) 

TEL-4006 

320 

Octyl-PANA  (1.4%) 
DODPA  (0.3%) 

UNK 

TEL-5001 

240 

PTZ  (0.3%) 

DODPA  (1.3%) 

TEL-5002 

110 

Octyl-PANA  (1.3%) 
DODPA  (1.3%) 

a 

Stable  life  determined  from  breakpoints 

of  viscosity  (40*C)  and 

total  acid 

number  plots  (Appendix  A) 

b 

PANA 

=  N-Phenyl-a-naphthylamine 

DODPA 

■  Dioctyldiphenyl  amine 

Octyl-PANA 

*  N-( p-Octylphenyl )-a-naphthylamine 

PTZ 

"  Phenothiazine 

UNK 

■  Unknown  nitrogen  or  phosphorous  containing  compound 

percent  weight  could  not  be 

determined. 

potential  of  each  candidate  for  development  into  a  RLLAT  was  then 
evaluated  based  on  the  criteria  listed  in  Table  1  and  its  RLL 
assessing  capabilities. 

The  studies  used  to  develop  and  evaluate  the  different 
RLLAT  candidates  are  described  herein.  The  candidates  are  dis¬ 
cussed  in  the  order  of  their  potentials  for  development  into  a 
RLLAT i  voltammetric  >thermal  stressing  >chertical  stressing. 

b.  '  Voltammetric  Techniques 
(1)  Introduction 

As  the  results  of  Task  1  indicatedr  the  voltammetric 
techniques,  in  particular,  the  reductive-cyclic  voltammetric 
technique,  are  well-suited  for  development  into  a  RLLAT  candidate. 
In  contrast  to  the  chemical  and  thermal  stressing  techniques,  the 
voltammetric  techniques  require  less  than  1  minute  to  perform  so 
that  optimization  studies  of  the  voltammetric  experimental 
parameters  were  not  required.  However,  the  effects  of  successive 
scans  and  pyridine  on  the  voltammetric  analyses  of  MIL-L-7808  oils 
were  not  understood.  Also,  the  mathematical  relationships  between 
the  results  of  the  voltammetric  techniques  and  the  RLL  of  the  MIL- 
L-7808  oils  had  not  been  established. 

Therefore,  a  series  of  studies  were  performed  to 
develop  the  different  voltammetric  techniques  into  RLLAT 
candidates.  Cyclic  voltammetric  analyses  of  the  fresh  and 
stressed  (370®F)  MIL-L-7808  oils  were  performed  in  order  to  fur¬ 
ther  characterize  the  stressed  oils  and  to  evaluate  the  cyclic 
voltammetric  techniques*  capabilities  to  assess  RLL.  The  effects 
of  the  dilution  solvent  amount,  electrode  configuration,  and 
different  organic  bases  on  the  cyclic  voltammetric  analyses  of  the 
different  MIL-L-7808  lubricating  oils  were  studied.  The  effects 
of  antioxidant  type,  scan  direction,  and  number  of  scans  on  the 
reductive-cyclic  voltammetric  analyses  in  the  presence  of  organic 
bases  were  also  studied.  In  addition  to  these  studies,  the 
initial  attempts  to  linearize  the  plots  of  the  reductive-cyclic 
voltammetric  result  versus  stressing  time  at  370°P  and  to  develop 


a  data  acquisition  system  for  the  reductive-cyclic  voltammetric 
technique  were  performed. 

(2)  Cyclic  Voltammetric  Analyses  of  the  MIL-L-7808 

Oils 

Cyclic  voltammetric  (CV)  analyses  were  used  to 
determine  the  degree  of  degradation  of  each  MIL-L-7808  lubricating  > 

oil  sample  stressed  at  370#F.  The  CV  analyses  of  the  stressed 
TEL-4001  through  TEL-4006  MIL-L-7808  oil  samples  were  accomplished 
by  producing  single  scan  voltammograms  for  each  set  of  degraded 
MIL-L-7808  lubricating  oils  as  shown  in  Figures  58-63. 

The  single  scan  voltammograms  of  the  MIL-L-7808  oils 
show  similar  changes  with  increasing  stressing  time.  For  every 
MIL-L-7808  oil,  the  oxidation  waves  assigned  to  the  original 
antioxidants  (A  in  Figures  58-63)  decrease  with  stressing  time. 

However,  ns  the  oxidation  wave  (A)  in  Figure  63  of  the  TEL-4006 
oil  decreases,  it  splits  into  two  oxidation  waves,  (Al)  and  (A2). 

The  oxidation  wave  at  the  lower  potential  (Al)  corresponds  to  the 
oxidation  waves  (A  in  Figures  58-62)  produced  by  the  other  MIL-L- 
7808  lubricating  oils.  The  higher  potential  oxidation  wave  (A2) 
decreases  at  a  slower  rate  than  the  (Al)  oxidation  wave 
(Figure  63). 

The  single  scan  voltammograms  of  stressed  MIL-L-7808 
oils  a) so  exhibit  an  oxidation  wave  (B  in  Figures  58-63)  which  is 
at  a  lower  potential  than  the  oxidation  wave  assigned  to  the 
original  antioxidants  (A  in  Figures  58-63).  Oxidation  wave  (B)  is 
not  present  in  the  voltammograms  of  the  fresh  MIL-L-7808  lubricat¬ 
ing  oils  (Figures  58-63).  Oxidation  wave  (B)  rapidly  increases  in 
size  during  the  first  16-24  hours  of  stressing,  as  oxidation  wave  * 

(A)  (original  antioxidants)  rapidly  decreases  in  size.  After  24 
hours  of  stressing,  oxidation  wave  (B)  decreases  with  stressing  » 

time.  Therefore,  the  oxidation  wave  (B)  is  assigned  to  an¬ 
tioxidant  species  generated  by  the  oxidation  of  the  original 
antoixidants. 
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Figure  59.  Single  Scan  Voltatranograms  of  Fresh  and  Stressed  (16-234  Hours  at 
370°F)  TEL-4002  MI.L-L-7808  Oils  in  Acetone  Using  a  Glassy  Carbon 
Working  Electrode, 
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Figure  60.  Single  Scan  Voltatumograms  of  Fresh  and  Stressed  (16-304  Hours  at 
370eF)  TEL-4003  M1L-L-7808  Oils  in  Acetone  Using  a  Classy  Carbon 
Working  Electrode. 


Figure  61.  Single  Scan  Voltammograms  of  Fresh  and  Stressed  (16-263  Hours  at 
370°F)  TEL-4004  MIL-L-7808  Oils  in  Acetone  Using  a  Glassy  Carbon 
Working  Electrode. 
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Figure  62.  Single  Scan  Voltammograms  of  Fresh  and  Stressed  (19-194  Hours  at 
370°F)  TEL-4005  MIL-L-7808  Oils  in  Acetone  Using  a  Glassy  Carbon 
Working  Electrode. 
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Figure  63.  Single  Scan  Voltammograms  of  Fresh  and  Stressed  (19-408  Hours  at 
370°F)  TEL-4006  MIL-L-7808  Oils  in  Acetone  Using  a  Glassy  Carbon 
Working  Electrode. 
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To  further  test  the  RLL  assessing  capabilities  of 
the  single  scan  CV  analyses,  two  additional  MIL-L-7808  oils,  TEL- 
5001  and  TEL-5002,  were  analyzed.  The  single  and  fifth  scan 
voltammograms  of  the  fresh  TEL-5001  and  TEL-5002  oils  are  shown  in 
Figures  64  and  65. 

As  seen  in  Figure  64,  the  single  and  fifth  scan 
voltammograms  of  the  fresh  TEL-5001  oil  are  very  different  from 
those  produced  by  the  fresh  TEL-4001  through  TEL-4006  oils 
(Figures  58-63)  and  the  fresh  TEL-5002  oil  (Figure  65).  First,  an 
oxidation  wave  (B)  (Figure  64)  is  produced  by  the  first  scan  of 
the  fresh  TEL-5001  oil  which  is  not  produced  by  the  first  scans  of 
the  fresh  TEL-4001  through  TEL-4006  oils  (Figures  58-63)  and  fresh 
TEL-5002  oil  (Figure  65).  Second,  repetitive  scanning  as  repre¬ 
sented  by  the  fifth  scan  volt ammo  ram  in  Figure  64  does  not 
produce  any  new  species  or  increase  the  size  of  the  oxidation  wave 
(B)  for  the  fresh  TEL-5001  oil.  Repetitive  scanning  increased  the 
size  of  the  oxidation  wave  (B)  for  the  fresh  TEL-5002  oil 
(Figure  65)  and  the  fresh  TEL-4001  through  TEL-4006  oils 
(Figures  14-16), 

Although,  the  results  of  Task  1  indicated  that  the 
height  of  oxidation  wave  (B)  (Figure  58-63)  could  be  mathemati¬ 
cally  related  to  the  RLL  of  MIL-L-7808  oils  (Figure  30),  the  fresh 
TEL-5001  oil  contains  an  oxidation  wave  (B  in  Figure  64)  at  the 
same  potential  as  the  stressed  TEL-4001  through  TEL-4006  (B  in 
Figure  58-63)  and  TEL-5002  oils  (B  in  Figure  65),  The  oxidation 
wave  (B)  (Figure  64)  produced  by  the  TEL-5001  oil  is  assigned  to 
the  sulfur  component  of  the  phenothiaz ine  type  antioxidant  used  in 
the  oil  (Table  5 ) . 

Therefore,  the  height  of  oxidation  wave  (B)  is 
formula  dependent  and  cannot  be  used  for  RLL  assessments. 
Consequently,  the  remaining  development  studies  of  the  voltam- 
metric  techniques  concentrated  on  the  voltammetric  technique 
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fifth  Scan 


Figure  64.  First  and  Fifth  Scan  Voltammograms  of  Fresh  TEL-5001  MIL-L-7808 
Oil  in  Acetone  Using  a  Glassy  Carbon  Working  Electrode. 


figure  65,  First  and  Fifth  Sean  Voltammograms  of  Fresh  TEL-5002  MIL-L-7808 
Oil  in  Acetone  Using  a  Glassy  Carbon  Worki.ig  Electrode 
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in  the  presence  of  pyridine,  the  reductive-cyclic  voltammetric 
technique  (RCV). 

(3)  Effect  of  Dilution  Solvent  Amount 

The  requirement  of  sample  dilution  prior  to  analysis 
limits  the  suitability  of  RCV  for  development  into  a  RLLAT  since 
it  results  in  increased  solvent  storage  and  waste  disposal 
problems.  Therefore  a  study  was  conducted  to  determine  the  effect 
of  the  dilution  solvent  amount  on  the  results  of  the  RCV  analyses. 
The  ratio  of  sample  to  dilution  solvent  was  1:50  in  all  cases. 

To  test  the  effect  of  solvent  amount,  100,  150,  and 
200  pi  samples  of  TEL-4004  MIL-L-7808  oil  were  diluted  with  5,  7.5 
and  10  ml  of  diluent,  respectively,  and  then  analyzed  in  a  20  ml 
scintillation  vial.  The  voltammograms  showed  that  reducing  the 
solvent  amount  from  10  to  5  ml  had  no  effect  on  the  RCV  analyses 
of  the  TEL-4004  oils.  Diluent  amounts  of  les3  than  5  ml  could  not 
be  analyzed  in  the  20  ml  scintillation  vial. 

(4)  Effect  of  Electrode  Configuration 

Since  the  diluent  amount  was  limited  to  5  ml  by  the 
20  ml  scintillation  vial,  the  use  of  smaller  vials  was 
investigated.  However,  in  order  that  the  smaller  vials  could  be 
tested,  the  electrodes  had  to  be  taken  out  of  the  electrode  holder 
provided  with  the  CV-1B  Voltammetry  Electronics  Control  Module. 

The  working,  reference,  and  auxiliary  electrodes  were  bound 
together  with  two  0-rings  to  perform  the  RCV  analyses  in  the 
smaller  vials.  The  electrodes  were  arranged  so  that  the  reference 
electrode  rested  on  the  bottom  of  the  vial.  The  voltammograms  for 
100  pi  of  the  TEL-4004  oil  in  5  ml  of  diluent  were  identical  with 
and  without  the  electrode  holder  indicating  that  the  electrode 
configuration  has  no  effect  on  the  RCV  analyses. 

In  order  that  the  diluent  amount  could  be  lowered 
further,  the  20  ml  scintillation  vial  was  replaced  by  a  7  ml 
scintillation  vial.  The  diluent  amount  could  be  reduced  to  2.5  ml 
(50  pi  oil  sample)  in  the  7  ml  scintillation  vial.  This  further 


reduction  in  diluent  amount  had  no  effect  on  the  RCV  analyses  of 
the  TEL-4004  oil. 

(5)  Effect  of  Antioxidant  Type 

In  an  attempt  to  obtain  a  better  understanding  of 
the  RCV  technique  in  the  presence  of  organic  bases,  the  effects  of 
pyridine  on  the  reductive  voltammograms  of  PANA,  octyl-PANA,  and 
dodpa  [antioxidants  used  in  TEL-4001  through  TEL-4006  oils 
(Table  5)]  and  on  the  mixtures  of  PANA  with  DODPA  and  octyl-PANA 
with  DODPA  were  studied.  The  reductive  voltammograms  were 
produced  in  acetone  containing  5%  pyridine  by  applying  1.0  V  to 
the  working  electrode,  and  immediately  scanning  at  500  mV/sec  to 
0.0  V.  The  oxidation  wave  (A  in  Figures  14-16)  was  eliminated  to 
increase  the  size  of  the  reduction  wave  (C  in  Figure  66). 

The  reductive  voltammograms  of  the  antioxidants  and 
antioxidant  mixtures  in  Figure  66  show  that  the  reduction  waves 
(C)  produced  by  MIL-L-7808  oils  are  produced  by  the  antioxidant 
mixtures,  but  not  by  the  individual  antioxidants. 

The  first  and  steady  state  (fifth-tenth  scans) 
voltammograms  of  PANA,  octyl-PANA,  and  their  respective  DODPA 
mixtures  are  shown  in  Figures  67  and  68.  Although,  PANA  and 
octyl-PANA  are  electrochemically  oxidized  to  produce  new  species 
(B  in  Figures  67  and  68)  which  have  an  oxidation  potential  similar 
to  those  found  in  stressed  MIL-L-7808  oils  (B  in  Figures  58-63), 
PANA  and  octyl-PANA  do  not  produce  the  reduction  wave  (C  in 
Figure  66)  in  the  presence  of  pyridine  in  contrast  to  the  MIL-L- 
7808  oils  (Figures  26-28).  However,  when  the  PANA  with  DODPA  and 
octyl-PANA  with  DODPA  mixtures  are  electrochemically  oxidized, 
they  produced  species  similar  to  those  produced  by  PANA  and  octyl- 
PANA,  (B  in  Figures  67  and  68)  but  they  also  produced  new  species 
(D  in  Figures  67  and  68)  which  are  not  produced  by  PANA  and  octyl- 
PANA. 


These  results  indicate  that  the  RCV  analyses  in  the 
presence  of  pyridine  are  insensitive  to  PANA,  octyl-PANA,  DODPA 
and  their  individual  oxidation  products.  The  RCV  technique  is 
solely  dependent  on  the  new  antioxidant  species  generated  in  the 
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Figure  66.  Reductive  VoltammogramB  of  Different  Antioxidants  and  Antioxidant 
Combinations  in  Acetone  Containing  Pyridine  Using  a  Glassy  Carbon 
Working  Electrode. 


Figure  67.  First  and  Steady  State  Scan  Voltammograras  of  PANA  and  PANA  with 
DODPA  Antioxidant  Systems  in  Acetone  Using  a  Glassy  Carbon 
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Figure  68.  First  and  Steady  State  Scan  Voltammograms  of  Octyl-PANA  and 
OOtyi-PANA  with  DODPA  Antioxidant  Systems  in  Acetone  Using  a 
Glassy  Carbon  Working  Electrode. 


presence  of  PANA  or  octyl-PANA  with  DODPA.  These  results  are 
consistent  with  Figure  30  which  showed  that  the  concentration  of 
the  generated  antioxidation  species  and  the  reduction  wave 
(Figure  29)  were  related. 

(6)  Reductive-Cyclic  Voltammetric  Analyses  of  the 

MIL-L-7800  Oils 

To  evaluate  the  capabilities  of  the  RCV  technique  to 
assess  the  RLL  of  stressed  MIL-L-7808  lubricating  oils,  RCV 
analyses  of  the  fresh  and  stressed  TEL-4001  through  TEL-4006  MIL¬ 
L-7808  oils  were  performed.  The  reductive  voltammograms  of  the 
fresh  and  stressed  TEL-4001  through  TEL-4006  oils  are  shown  in 
Figures  69-74.  The  reductive  voltammograms  were  obtained  in  the 
same  manner  as  Figure  66. 

To  evaluate  the  RCV  technique's  capability  to  assess 
RLL,  the  peak  heights  of  the  reduction  waves  (C)  in  Figures  69-74 
were  plotted  versus  stressing  time  for  the  TEL-4001  through  TEL- 
4006  lubricating  oils  as  shown  in  Figure  75.  During  the  first  16 
hours  of  stressing,  the  reduction  waves  (C  in  Figures  69-74) 
increased  for  the  TEL-4002  and  TEL-4004  oils,  but  decreased 
rapidly  for  the  other  MIL-L-7808  oils  (Figure  75).  During  the 
next  24  to  75  hours,  the  reduction  waves  decreased  rapidly  for  all 
of  the  MIL-L-7808  oils.  The  reduction  waves  then  decreased  at  a 
slower,  fairly  constant  rate  until  the  ends  of  the  oils'  stable 
lives  (Figure  75).  The  reduction  waves  of  the  TEL-4001  through 
TEL-4006  oils  decreased  at  a  similar  rate  in  the  latter  stages  of 
oxidation.  The  TEL-4001  through  TEL-4006  oils  decreased  to  a 
similar  peak  height  (0.25-0.40  yA)  at  the  end  of  each  oil's  stable 
life  (stable  life  defined  in  Appendix  A). 

(7)  Linearizing  the  Reductive-Cyclic  Voltammetric 

Plots 

As  shown  in  Figure  75,  the  reduction  wave  (C) 
heights  of  the  MIL-L-7808  oils  decrease  at  a  very  fast  rate  in  the 
early  stages  of  oxidation.  The  rates  at  which  the  reduction  wave 
heights  decrease  then  become  fairly  constant  up  to  the  ends  of  the 


Figure  69.  Reductive  Voltammograms  of  Freeh  and  Stressed  (19-13?  Hours  at 
370°F)  TEL-4001  MIL-L-7808  Oils  in  Acetone  Containing  Pyridine 
Using  a  Glassy  Carbon  Working  Electrode. 


Figure  70.  Reductive  Voltammograms  of  Fresh  and  Stressed  (16-234  Hours  at 
370oF)  TEL-4002  MIL-L-7808  Oils  In  Acetone  Containing  Pyridine 
Using  a  Glassy  Carbon  Working  Electrode. 
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Figure  71, 


Reductive  Voltamnograros  of  Fresh  and  Stressed  (16-313  Hours  at 
370°F)  TEL-4003  MIL-L-7808  Oils  in  Acetone  Containing  Pyridine 
Using  a  GlasBy  Carbon  Working  Electrode. 
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Figure  75.  Plots  of  Reduction  Wave  (C)  Height  in  the  Presence 
of  Pyridine  Versus  Stressing  Time  (370nF)  for  the 
TEL-4001  Through  TfiL-4006  MIL-L-7808  Oils. 
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oils'  stable  lives.  The  shape  of  the  plots  cause  the  RCV  tech¬ 
nique  to  be  sensitive  to  small  changes  in  the  oil's  RLL  during  the 
early  periods  of  oxidation  and  insensitive  to  3mall  changes  in  the 
oil's  RLL  during  the  latter  periods  of  oxidation,  when  the  RLL 
assessments  become  more  important.  Also,  the  estimation  of  the 
RLL  is  difficult  because  of  the  nonlinearity  of  the  plots. 
Therefore,  an  initial  study  designed  to  linearise  the  plots  of  the 
reduction  wave  height  versus  stressing  time  at  370°F  was 
conducted. 

It  has  been  reported  (Reference  42)  that  the  deple¬ 
tion  of  the  original  antioxidants  in  lubricating  oils  is  a  first 
order  reaction.  If  the  depletion  of  the  generated  antioxidant 
species  (species  reduction  wave  C  in  Figures  69-74  is  assigned)  is 
also  first  order,  then  the  log  of  tho  reduction  wave  height  versus 
stressing  time  at  370°F  plots  for  the  TEL-4001  through  TEL-4006 
should  be  linear.  As  seen  in  Figure  76,  tho  semi-log  plots  of  the 
TEL-4001  through  TEL-4006  oils  appear  to  consist  of  two  linear 
regions  with  the  transition  period  occurring  at  nearly  the  same 
reduction  wave  height  (10-15  pA)  for  each  MIL-L-7803  oil. 

(8)  Effect  of  Organic  Base 

To  gain  a  better  understanding  of  the  results  of  the 
RCV  technique  employing  pyridine,  the  effects  of  different  organic 
bases  on  the  reductive  voltammograms  of  the  fresh  TEL-4003  oil 
were  studied  and  the  resulting  reductive  voltammograms  are  shown 
in  Figures  77-79  for  pyridine,  pyridazine,  and  2,2'  dipyridyl. 

The  organic  bases  pyrasine  and  quinoxaline  did  not  affect  the 
reductive  voltammogram  of  the  fresh  TEL-4003  oil. 

The  Figures  73  and  79  show  that  pyridazine  and  2,2' 
dipyridyl  produce  changes  similar  to  pyridine  (Figure  77)  in  the 
reductive  voltammograms  of  the  fresh  TEL-4003  oil.  It  takes  90- 
120  pi  of  2,2'  dipyridyl  (5%  in  acetone)  to  produce  the  same 
effect  as  60  pi  of:  pyridine  and  pyridazine  (5%  in  acetone).  The 
original  reduction  waves  (D)  are  inhibited  and  the  new  reduction 
waves  (C)  are  enhanced  in  the  presence  of  the  organic  bases 
(Figures  77-79). 
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Figure  76.  Semi-Logarithmic  Plots  of  the  Reduction  Wave  (C)  Height  in  the  Presence  of  Pyridine 
Versus  Stressing  Time  (370°F)  for  the  TEL-4001  Through  TEL-4006  MIL-L-7808  Oils. 
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Figure  77.  Effects  of  the  Amount  (0-90  yl)  of  a  5%  Pyridine  Solution 
on  the  Reductive  Vo It ammo grams  of  the  TEL-4003  MIL-L-7808 
Oil  in  Acetone  Using  a  Glassy  Carbon  Working  Electrode. 
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The  effects  of  the  organic  bases  appear  to  be  re¬ 
lated  to  their  respective  basicities.  The  weaker  bases  pyrazine 
and  quinoxaline  have  no  effect  on  the  reductive  voltammograms. 

The  stronger  bases,  pyridine,  pyridazine,  and  2,2’  dipyirdyl 
inhibit  the  original  reduction  waves  (D)  and  enhance  the  new 
reduction  waves  (C)  (Figures  77-79). 

The  results  in  Figures  77  and  78  indicate  that 
pyridazine  is  better  suited  for  the  RCV  technique  than  pyridine 
since  the  height  of  the  reduction  wave  for  pyridazine  is  less 
dependent  on  the  organic  base/antioxidant  ratio  than  for  pyridine, 
i.e.,  as  the  amount  of  base  is  increased  the  reduction  wave  height 
decreases  for  pyridine  but  remains  fairly  constant  for  pyridazine. 
Also  pyridazine  is  much  safer  to  work  with  than  pyridine. 
Pyridazine  does  not  have  the  flammability,  odor,  and  irritant 
problems  associated  with  pyridine. 

Therefore,  the  remaining  developmental  work  on  the 
RCV  technique  was  performed  with  a  0.1  M  LiClO^  in  acetone  solu¬ 
tion  containing  375  ppm  of  pyridazine. 

(9)  Effect  of  Successive  Scanning  Cycles 

Since  the  log  of  the  reduction  wave  height  versus 
stressing  time  plots  for  the  TEL-4001  through  TEL-4006  MIL-L-7808 
oils  were  not  linear,  the  effect  of  successive  scanning  cycles  on 
the  reduction  wave  heights  was  studied.  To  determine  the  con¬ 
centration  of  the  antioxidant  species  generated  during  the 
thermal-oxidative  stressing  of  the  oil  samples  (oxidation  wave  B 
in  Figures  58-63),  the  RCV  analyses  were  started  at  a  working 
electrode  potential  of  0.6  V  and  scanned  to  0.0  V.  To  determine 
the  capability  of  the  RCV  technique  to  generate  similar  an¬ 
tioxidant  species  from  the  oil  sample,  the  RCV  analyses  were 
started  at  a  working  electrode  potential  of  0.0  V  and  then  cycled 
between  0.0  V  and  1.0  V  for  over  ten  cycles.  The  heights  of  the 
reduction  waves  were  then  compared  to  determine  the  effects  of 
successive  scanning  on  the  RCV  technique's  results. 

In  order  that  the  effect  of  successive  scanning 
cycles  on  the  RCV  technique  could  be  studied,  a  data  acquisition 
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system  based  on  a  Apple  lie  microcomputer  was  used  because  the  X-Y 
recorder  op  which  the  previous  RCV  analyses  were  displayed  was 
better  suited  for  single  sweep  than  multisweep  voltammograma  and 
for  qualitative  than  quantitative  analyses.  Although  the  Apple 
lie  data  acquisition  system  was  more  expensive  than  a  strip  chart 
recorder#  it  was  in  the  price  range  of  a  X-Y  recorder  and  the 
incorporation  of  the  Apple  lie  microcomputer  into  the  RCV  tech¬ 
nique  greatly  increases  the  ease  of  operation  and  diagnostic 
capabilities  of  the  RCV  technique. 

The  Apple  lie  computer  was  programmed  to  run  the  CV- 
1B  module#  sample  the  output  of  the  working  electrode#  subtract 
out  the  blank  wave  height  to  determine  the  heights  of  the  selected 
reduction  peaks#  and  perform  other  required  mathematical 
manipulations.  Once  a  mathematical  relationship  between  the 
height  of  the  reduction  waves  and  the  RLL  of  MIL-L-7808  oils  was. 
established#  the  microcomputer  could  be  programmed  to  readout  in 
percent  RLL.  Therefore#  the  incorporation  of  the  microcomputer 
greatly  increased  the  ease  of  operation  of  the  RCV  technique 
suitable  for  base-level  operation. 

To  study  the  effects  of  the  successive  scanning 
cycles  on  the  RCV  results,  the  fresh  and  stressed  (370°F)  oil 
samples  of  the  TEL-4001,  TEL-4002,  and  TEL-4006  MIL-L-7808 
lubricating  oil  samples  were  analyzed.  The  reduction  waves  for 
the  series  of  TEL-4002  oil  samples  and  the  blank  are  shown  in 
Figure  80.  The  heights  for  the  first  (scan  from  0.6  to  0.0V), 
second  (first  cycle  between  0.0  to  1.0  V)  and  steady  state  (sixth 
to  ninth  cycles  between  0.0  to  1.0  V)  waves  were  plotted  versus 
stressing  time  for  the  TEL-4001#  TEL-4002#  and  TEL-4006  oils  and 
are  shown  in  Figures  81-83.  The  integrations  of  the  reduction 
waves  showed  decreasing  correlation  with  increasing  stressing 
time,  and  thus,  were  not  plotted. 

The  heights  of  the  first  wave  (scan  from  0.6  to 
0.0  V)  plotted  in  Figures  81-83  are  only  dependent  upon  the  con¬ 
centration  of  the  new  antioxidant  species  generated  during  the 
thermal-oxidation  (370°F)  of  the  MIL-L-7808  oil  samples.  As 
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Figure  80.  First  (F) ,  Second  (S) ,  and  Steady  State  Reduction  Waves 

of  the  Fresh  and  Stressed  ( 16—  7.34  Hours  at  370°F)  TEL-4002 
MIL-L-7808  Oils  and  of  the  Blank. 
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Figure  80.  First  (F) ,  Second  (S) ,  and  Steady  State  Reduction  Wavea 

of  the  Fresh  and  Stressed  (16-234  Hours  at  370°F)  TEL-4002 
MIL-L-7808  Oils  and  of  the  Blank.  (Continued) 
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Figure  80.  First  (F),  Second  (S) ,  and  Steady  State  Reduction  Waves 

of  the  Fresh  and  Stressed  (16-234  Hours  at  370^)  TEL-4002 
MIL-L-7808  Oils  and  of  the  Blank.  (Concluded) 
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Figure  81.  Plots  of  the  First,  Second,  and  Steady  State  Reduction  Wave 
Heights  Versus  Stressing  Time  (370°F)  for  the  TEL-4001 
MIL-L-7808  Oil. 
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Figure  83.  Plots  of  the  First,  Second,  and  Steady  State  Reduction 
Wave  Heights  Versus  Stressing  Time  (370° F)  for  the 
TEL-4006  MIL-L-7808  Oil. 
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expected,,  the  concentrations  of  the  generated  antioxidant  species 
are  minimal  in  the  fresh  oils,  increase  during  the  initial  stages 
of  oxidation,  and  then  decrease  with  increasing  stressing  time 
(Figures  81-83).  However,  the  reduction  wave  heights  of  the 
generated  species  become  constant  several  hours  prior  to  the  ends 
of  the  TEL-4002  and  TEL-4006  oils'  stable  lives.  Also,  the  reduc¬ 
tion  wave  heights  remained  constant  or  even  increased  after  the 
stable  lives  of  the  studied  MIL-L-7808  oils  had  ended.  Therefore, 
the  heights  of  the  first  wave  for  the  different  MIL-L-7808  oils, 
which  represent  the  concentration  of  the  antioxidant  species 
generated  by  thermal  oxidation,  show  only  a  limited  correlation 
with  stressing  time,  and  consequently,  are  not  related  to  the  RLL 
of  the  oil  samples. 

The  heights  of  the  reduction  waves  produced  by  the 
first,  cycle  between  0.0  and  1.0  V  (second  wave  in  Figures  81-83) 
and  the  sixth  through  ninth  cycles  (steady  state  waves  in  Figures 
81-83)  are  only  slightly  dependent  on  the  concentration  of  the 
generated  antioxidants  in  the  stressed  oil  samples.  The  heights 
of  the  second  and  steady  state  reduction  waves  are  mainly  depend¬ 
ent  on  the  species  produced  during  the  electrochemical  oxidation 
of  the  original  antioxidants.  In  contrast  to  the  first  waves  of 
the  Figures  81-83  and  the  semilog  plot  of  the  reduction  wave 
height  versus  stressing  time  at  370°F  for  the  TEL-4002  oil  shown 
in  Figure  76,  the  heights  of  the  second  and  steady  state  cycle 
reduction  waves  in  Figures  81-83  decrease  with  increasing  stress¬ 
ing  time. 

Although  the  plots  of  the  second  and  steady  state 
reduction  wave  heights  versus  stressing  time  in  Figures  82-84  are 
similar  in  shape,  the  heights  of  the  steady  state  waves  are 
greater  than  the  heights  of  the  second  waves,  especially  for  the 
fresh  oils.  The  differences  between  the  heights  of  the  second  and 
steady  state  waves  decrease  with  stressing  time  and  become  negli¬ 
gible  as  the  oils  approach  the  ends  of  the  their  respective  stable 
1  ives. 
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Plots  of  the  £n  of  the  First,  Second,  and  Steady  State 
Reduction  Wave  Heights  Versus  Stressing  Time  (370°F)  for 
the  TEL-4001  Oil. 
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Therefore,  the  plots  of  tho  second  and  steady  state 
reduction  wave  heights  versus  stressing  time  were  used  to  develop 
the  mathematical  relationships  capable  of  assessing  the  RLL  of 
MIL-L-7808  lubricating  oils. 

(10)  Determination  of  the  Mathematical  Relationship 
Between  the  RLL  of  MIL-L-7808  Oils  and  the 
RCV  Results 

As  shown  in  Figure  76,  the  initial  attempts  to 
linearize  the  RCV  technique's  results  by  plotting  the  log  of  the 
reduction  wave  heights  ware  only  partially  successful.  Therefore, 
the  most  common  kinetic  equations,  those  for  zero  through  third 
rate  reactions,  were  appliod  to  the  plots  of  the  second  and  Bteady 
state  reduction  wave  heights  versus  stressing  time  at  370°F  for 
the  TEL-4001,  TEL-4002,  and  TEL-4006  MIL-L-7808  lubricating  oils. 

If  the  depletion  reaction  of  the  antioxidant  species 

is  zero  order,  equation  (1),  where  (A)  equals  the  concentration  of 

the  antioxidant  species,  (A  )  equals  the  maximum  concentration  of 

o 

the  antioxidant  species,  k  equals  the  rate  constant,  and  t  equals 
time,  then  the  plot  of  the  second 

(A)  -  (A  )  -  kt  (1) 

o 

and  steady  state  reduction  wave  heights  versus  stressing  time 
should  be  linear.  As  seen  in  Figures  81-83,  none  of  the  plots  are 
1  inear. 

If  the  depletion  reaction  of  the  antioxidant  species 
is  first  order  (as  reported  in  Reference  42),  equation  (2),  then 
plotting  the  natural  log  of  the  second 

ln(  A )  »  ln(  A  )  -  kt  (2) 

o 

and  steady  state  reduction  wave  heights  versus  stressing  time 
should  be  linear.  As  seen  in  Figures  84-86,  the  plots  of  the 
natural  log  of  the  steady  state  reduction  wave  heights  versus 
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Figure  86.  Plots  of  the  £n  of  the  First,  Second,  and  Steady  State 
Reduction  Wave  Heights  Versus  Stressing  Time  (370°F) 
for  the  TEL-4006  Oil. 
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stressing  time  are  fairly  linear  for  the  TEL-4001,  TEL-4002,  and 
TEL-4006  oils  prior  to  the  end  of  their  respective  stable  lives. 

If  the  depletion  reaction  of  the  antioxidant  species 
is  second  or  third  order,  equations  (3)  and  (4), 

1  1 

(K)  -  (Kq)  +  kt  (3) 

^2  —  2 

(£)  -  <aop  +  kt  (4) 

respectively,  then  plotting  the  inverse  or  inverse  squared  of  the 
steady  state  reduction  wave  height  versus  stressing  time  should 
produce  linear  plots.  As  seen  in  Figure  87,  the  plots  for  the 
TEL-4002  oil  are  clearly  nonlinear. 

Therefore,  it  appears  that  the  depletion  reaction  of 
the  antioxidant  species  is  first  order.  To  better  compare  the 
results  of  the  TEL-4001,  TEL-4002,  and  TEL-4006  lubricating  oils, 
the  natural  logs  of  the  steady  state  reduction  wave  heights  for 
the  fresh  and  stressed  oil  samples  of  each  MIL-L-7808  oil  were 
plotted  against  the  same  time  scale.  The  plots  were  then  Bhift.ed 
so  that  they  intersected  at  -0.750,  which  is  the  natural  log  value 
at  which  the  stable  lives  of  the  TEL-4001,  TEL-4002,  and  TEL-4006 
oils  ended. 

The  In  value  of  the  fresh  TEL-4006  oil's  steady 
state  reduction  wave  height  is  3,44  and  is  defined  as  100  percent 
lubricant  life.  Since  the  plots  of  the  In  values  of  the  steady 
state  reduction  wave  height  versus  stressing  time  are  linear  for 
the  studied  MIL-L-7808  oils,  the  In  of  the  reduction  wave  heights 
can  be  assigned  percent  RLL  values  (Figure  88).  Therefore,  the 
mathematical  relationship  between  the  steady  state  reduction  wave 
heights  and  the  percent  RLL  of  MIL-L-7808  oils  is  given  in  equa¬ 
tion  (  5) . 

In  of  the  reduction  wave  height _+  0.750 

3.44 
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Figure  87.  Plots  of  the  Inverse  and  Inverse  Squared  of  the  Steady  Stat 
Reduction  Wave  Height  Versus  Stressing  Time  (370°F)  for  liv 
TEL-4002  Oil. 
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igure  88.  Plots  of  the  £n  of  the  Steady  State  Reduction  Wave  Height  and 
Percent  Lubricant  Life  Versus  Hours  of  Remaining  Lubricant  Lif 
at  370° F  for  the  TEI-4001,  TEL-4007.,  and  TEL-4006  Oils. 
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However,  as  seen  in  Figure  88,  the  slopes  of  the 
TEL-4001,  TEL-4002,  and  TEL-4006  oils'  plots  are  different  which 
makes  the  assignment  of  RLL  in  hours  to  a  single  oil  sample  ex¬ 
tremely  difficult  unless  the  oil's  formulation  and  stressing 
temperature  are  known.  For  example,  an  oil  sample  with  a  In  value 
of  2.00,  could  have  anywhere  from  195  to  90  hours  of  RLL. 

(11)  Effect  of  Formulation 

To  determine  the  effects  of  formulation  on  the  RCV 
technique's  capability  to  assess  the  RLL  of  MIL-L-7808  lubricating 
oils,  the  sets  of  fresh  and  stressed  TEL-4001  through  TEL-4006, 
TEL-5001,  and  TEL-5002  MIL-L-7808  oils  were  analyzed.  The  RLL 
plots  for  the  MIL-L-7808  oils  are  shown  in  Figure  89. 

The  results  in  Figure  89  show  that  the  In  plots  of 
the  reduction  wave  heights  versus  remaining  hours  of  lubricant 
life  are  essentially  linear  for  all  of  the  MIL-L-7808  oils.  The 
only  nonlinearity  displayed  by  the  In  plots  occurs  during  the 
early  stages  of  oxidation,  especially  for  the  TEL-5001  oil. 
Although  previous  cyclic  voltammetric  analyses  indicated  that  new 
species  were  not  generated  (Figure  64),  the  %  RLL  of  the  TEL-5001 
oil  as  determined  by  the  RCV  technique  increases  during  the  early 
stages  of  oxidation.  These  results  suggest  that  the  generation  of 
the  nev;  species  with  antioxidant  capacity  does  occur  for  the  TEL- 
5001  oil,  in  contradiction  to  the  cyclic  voltammograms  in 
Figure  64. 

The  results  in  Figure  89  also  show  that  regardless 
of  formulation,  the  reduction  wave  height  of  0.5  pA  (In  value  = 
-0.70)  can  be  assigned  the  value  of  0%  RLL.  Once  the  assignment 
of  100  percent  RLL  is  given  to  the  In  value  of  the  fresh  TEL-4006 
oil,  3.44,  %  P.LL  can  be  made  from  the  RCV  results  since  the  In 
plots  are  linear. 

(12)  Summary  of  the  Reductive-Cyclic 

Voltammetric  Technique 

The  RLLAT  candidate  developed  from  the  RCV  technique 
met  all  of  the  criteria  listed  in  Table  1  and  was  capable  of  RLL 
assessments  regardless  of  the  MIL-L-7808  lubricating  oil's 
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formulation.  The  incorporation  of  the  Apple  lie  microcomputer 
based  data  acquisition  system  made  the  RCV  technique  base-level  in 
operation  and  in  interpretation  of  the  results. 

Therefore,  the  RCV  technique  combined  with  the  Apple 
lie  microcomputer  based  data  acquisition  system  is  very  well- 
suited  for  development  into  a  RLLAT. 

c.  Thermal  Stressing  Technique 

(1)  Introduction 

As  the  results  of  Task  1  indicated,  the  thermal 
stressing  techniques  based  ori  high  pressure-differential  scanning 
calorimetry  (HP-DSC)  are  well  suited  for  development  into  a  RLLAT 
candidate.  In  contrast  to  the  voltammetric  techniques,  the 
analysis  times  of  the  thermal  stressing  techniques  were  greater 
than  10  minutes.  In  addition  to  the  HP-DSC  technique,  a  sealed 
pan-DSC  ( SP-DSC )  technique  was  investigated  in  an  attempt  to 
eliminate  the  pressure  requirements  of  the  HP-DSC  technique. 

(2)  High-Pressure-Differential  Scanning  Calorimetry 
(a)  Introduction 

Before  the  potential  of  HP-DSC  for  development 
into  a  RLLAT  candidate  could  be  evaluated,  the  experimental  condi¬ 
tions  of  the  HP-DSC  had  to  be  changed  in  order  to  obtain  onset  of 
oxidation  times  (Figure  90)  of  less  than  10  minutes  for  all  of  the 
MIL-L-7808  oils.  An  investigation  showed  that  increasing  the 
temperature  from  230°  to  250°C  resulted  in  onset  of  oxidation 
times  of  less  than  11  minutes  for  all  of  the  MIL-L-7808  lubricat¬ 
ing  oils.  Since  the  temperature  was  increased,  the  pressure  was 
increased  from  100  to  200  psig  to  decrease  any  effects  of 
volatilization. 

To  fully  evaluate  the  potential  of  HP-DSC  as  a 
RLLAT  candidate,  sets  of  fresh  and  laboratory  stressed  (370°F)  oil 
samples  were  prepared  for  the  TEL-4001  through  TEL-4006  MIL-L-7808 
lubricating  oils.  Each  set  contained  seven  samples  ranging  from 
fresh  and  slightly  degraded  oil  samples  to  oil  samples  taken  just 
after  the  stable  life  had  ended.  The  six  sets  of  oil  samples  were 


sent  to  DuPont  for  analysis  on  the  9000/9900  Thermal  Analyzer 
system.  The  oil  samples  were  analyzed  and  the  onset  of  oxidation 
time#  onset  of  reaction  time,  oxidation  peak  temperature,  and  peak 
energy  (Figure  90)  for  each  oil  sample  were  recorded.  The  onset 
of  oxidation  times  and  onset  of  reaction  times  for  each  set  of 
MIL-L-7808  lubricating  oils  were  then  plotted  versus  the  stressing 
times  at  370°F  to  determine  the  relationships  which  exist  between 
the  HP-DSC  results  and  RLL  of  MIL-L-7808  oils. 

(b)  High  Pressure-Differential  Scanning 

Calorimetric  Analyses  of  the  MIL-L-7808  Oils 

Six  sets  of  oil  samples  representing  the  TEL- 
4001  through  TEL-4006  MIL-L-7808  lubricating  oils  in  various 
degrees  of  RLL  were  sent  to  DuPont  for  HP-DSC  analysis.  The 
sample  designation  codes  (corresponding  stressing  time  at  370°F), 
onset  of  oxidation  times,  oxidation  peak  temperature  (maximum 
temperature  of  sample),  and  peak  energies  for  the  TEL-4001  through 
TEL-4006  MIL-L-7808  oils  are  listed  in  Tables  6  through  11, 
respectively.  In  each  set,  designation  A  represents  a  fresh  oil, 

E  represents  a  sample  taken  a  few  hours  prior  to  the  end  of  the 
oil's  stable  life  at  370°F,  and  F  and  G  represent  samples  taken 
after  the  end  of  the  oil's  stable  life.  The  stable  lives  as 
determined  by  viscosity  (40°C)  and  total  acid  number  breakpoints 
(Appendix  A)  are  also  listed  in  Tables  6  through  11. 

Although  it  has  been  suggested  (Reference  43) 
that  the  peak  energies  of  the  thermograms  may  be  related  to  the 
oxidative  stability  of  the  oil  samples,  Tables  6-11  indicate  that 
there  is  no  correlation  between  the  peak  energy  and  the  RLL  of  a 
used  MIL-L-7808  lubricating  oil.  The  data  in  Tables  6  and  10  also 
show  that  the  reproducibilities  of  the  peak  energies  are  poor. 

J.n  contrast  to  the  peak  energies,  the  onset  of 
oxidation  times  listed  in  Tables  6-11  are  related  to  the  RLL  of 
the  MIL-L-7808  oils.  The  data  for  5A  and  5E  listed  in  Table  10 
shows  that  the  standard  deviation  is  fairly  constant  (*20 
seconds).  Since  the  standard  deviation  is  constant,  but  the  onset 
of  oxidation  times  decrease  with  increasing  stressing  time,  the 
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TABLE  6 

OIL  STABILITY  OF  TEL-4001  MIL-L-7808  OIL 


250*C  -  200  pslg  O, 


Sample 

Designation 

Code 


Onset  Oxidation 
Time 
(min) 


Oxidation  Peak 
Temp 
(#C) 


Peak  Energy 

(J/g) 


1A  (Fresh) 

6.32 

263 

5532 

6.37 

262 

4223 

IB  (19  Hours)* 

3.80 

261 

7320 

3.12 

260 

6266 

1C  (41  Hours) 

2.64 

260 

5497 

2.96 

259 

4805 

ID  (67  Hours) 

1.84 

260 

5704 

1.76 

257 

4095 

IE  (97  Hours) 

1.52 

259 

6983 

1.48 

274 

4269 

IF  (116  Hours) 

0.96 

257 

5645 

1.00 

258 

6941 

1G  (137  Hours) 

1.00 

257 

5881 

I 

1.04 

257 

6459 

- 

i 

%  *Stressing  Time  at 

3  7  0  *  F 

Stable  Life  =  105 

Hours . 
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TABLE  7 

OIL  STABILITY  OF  TEL-4002  MIL-L-7808  OIL 


Sample 

Designation 

Code 

250°C  -  200 

Onset  Oxidation 
Time 
(min) 

psig  02 

Oxidation  Peak 
Temp 

fc) 

Peak  Energy 

. . (J/g). 

2A. ( Fresh) 

6.4 

262 

4915 

2B  (16  Hours)* 

6.85 

263 

3817 

2C  (48  Hours) 

2.5 

260 

6552 

2D  (116  Hours) 

1.52 

259 

6520 

2E  (161  Hours) 

1.44 

258 

5977 

2F  (191  Hours) 

1.08 

260 

7142 

2G  (213  Hours) 

0.64 

259 

6787 

*Streasing  time  at  370#F. 
Stable  Life  =  175  hours. 
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TABLE  8 

OIL  STABILITY  OF  TEL-4003  MIL-L-7808  OIL 


250°C  -  200  psig  02 


Sample 

Designation 

Code 

Onset  Oxidation 
Time 
(min) 

Oxidation  Peak 
Temp 

(°c) 

Peak  Energy 

(J/g) 

'A  (Fresh) 

10.65 

260 

4011 

3B  (24  Hours)* 

11.70 

260 

6335 

3C  (72  Hours) 

6.75 

259 

5911 

3D  (.143  Hours) 

3.10 

257 

4838 

3E  (234  Hours) 

2.3 

259 

5653 

3F  (287  Hours) 

2.4 

258 

7851 

2G  (352  Hours) 

1.85 

257 

7697 

*Streasing  Time  at  370"F, 
Stable  Life  =  240  Hours. 


TABLE  9 

OIL  STABILITY  OF  TEL-4004  MIL-L-7808  OIL 


250°C  -  200  psig  02 


Sample 

Designation 

Code 

Onset  Oxidation 
Time 
(min) 

Oxidation  Peak 
Temp 

(°c) 

Peak  Energy 
(J/g) 

4A  (Fresh) 

7.90 

261 

3208 

4B  (16  Hours)* 

7.50 

259 

3047 

4C  (48  Hours) 

5.70 

257 

2793 

4D  (116  Hours) 

2.30 

259 

4190 

4E  (169  Hours) 

2.55 

258 

3896 

4F  (213  Hours) 

1.80 

257 

5211 

4G  (241  Hours) 

1.00 

259 

3789 

^Stressing  Time  at  370°F. 
Stable  Life  ■  205  Hours. 


V 


* 
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TABLE  10 

OIL  STABILITY  OP  TEL-4005  MIL-L-7808  OIL 


250*C  -  200  psig  02 


Sample 

Designation 

Code 

Onset  Oxidation 
Time 
(min) 

Oxidation  Peak 
Temp 
(°G) 

Peak  Energy 
(J/q) 

5A-1  (Fresh) 

4.96 

258 

2016 

-2 

5.75 

266 

30]  3 

-3 

5.5 

263 

2614 

-4 

5.5 

264 

5549 

Mean  X 

5745 

153 

1576 

Std.  Dev. 

+0.3 

+  3.4 

+2189 

5B  (19  Hours)* 

5.4 

265 

6044 

5C  (50  Hours) 

2.4 

262 

4034 

5d  (97  Hours) 

1.6 

260 

6953 

5E-1  (137  Hours) 

1.2 

260 

7939 

-2 

1.5 

259 

6339 

-3 

1.0 

259 

6841 

Mean  X 

m 

555* 

T57o 

Std.  Dev. 

+0.3 

+0.6 

+818 

5F  (166  Hours) 

1.2 

259 

6475 

5G  (187  Hours) 

1.0 

260 

5084 

♦Stressing  Time  at  3708F. 
Stable  Life  «*  155  Hours. 
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TABLE  11 


OIL 

STABILITY  OF  TEL- 

4006  MIL-L-7808  OIL 

250°C  -  200 

psig  02 

Sample 

Designation 

Code 

Onset  Oxidation 
Time 
(min) 

0>,  Mation  Peak 
;emp 

( ecj 

Peak  Energy 
(J/g) 

6A  (Fresh) 

10.8 

265 

4749 

6B  (19  Hours)* 

8.4 

264 

5285 

6C  (67  Hours) 

6.2 

267 

2438 

6D  (148  Hours) 

2.5 

261 

4648 

6E  (265  Hours) 

1.65 

259 

5277 

6F  (354  Hours) 

1.7 

258 

6901 

6G  (382  Hours) 

1.7 

258 

2702 

*Stressing  Time  at  370°F 
Stable  Life  =  320  Hours 


percent  error  of  the  analyses  for  the  TEL-4005  oil  increases  from 
5%  to  30%  with  increasing  stressing  time. 

To  initially  study  the  relationships  which 
exist  between  the  HP-DSC  onset  of  oxidation  times  and  the  remain¬ 
ing  useful  lives  of  the  MIL-L-7808  oils,  the  onset  of  oxidation 
time  for  each  oil  sample  was  plotted  versus  its  corresponding 
stressing  time  at  370°F.  The  plots  for  the  TEL-4001  through  TEL- 
4006  MIL-L-7808  oils  are  shown  in  Figure  91. 

The  plots  of  the  MIL-L-7808  oils'  onset  of 
oxidation  times  in  Figure  91,  show  that  the  oxidative  stabilities 
of  the  fresh  MIL-L-7808  oils  and  the  rate  at  which  they  decrease 
with  stressing  time  at  370°F,  decrease  in  the  order:  TEL-4003" 
TEL-4006  >TEL-4004  >TEL-4002"TEL-4005  >TEL-4001.  The  order  of 
oxidative  stabilities  are  in  fair  agreement  with  the  results  of 
the  370°F  stressing  results. 

However,  the  high  temperature  (250°C)  condi¬ 
tions  of  the  HP-DSC  technique  reduce  the  sensitivity  of  the  HP-DSC 
technique  to  small  changes  in  the  oxidative  stabilities  of  the 
MIL-L-7808  oils  in  the  latter  stages  of  their  stable  lives.  For 
instance,  the  onset  of  oxidation  times  are  similar  for  the  TEL- 
4006  oil  samples  taken  60  hours  prior  to  and  60  hours  after  the 
end  of  the  TEL-4006  oil's  stable  life  at  370°F. 

Another  problem  in  predicting  RLL  from  the  HP- 
DSC  data  is  that  the  onset  of  oxidation  time  for  the  TEL-4001  oil 
with  0%  RLL  is  1.0  minute,  while  the  onset  of  oxidation  time  for 
the  TEL-4003  oil  with  0%  RLL  is  2.4  minutes  (Figure  91).  The  2.4 
minute  onset  of  oxidation  time  corresponds  to  ue  TEL-4001  oil 
which  was  stressed  for  only  41  hours  at  370°F  (stable  life  *  105 
hours).  Therefore,  the  assignment  of  0%  RLL  to  a  particular  onset 
of  oxidation  time  is  not  straight  forward. 

Since  HP-DSC  measures  both  the  antioxidant 
capacity  and  the  oxidative  stability  of  the  ester  basestock  and 
the  RCV  results  indicate  that  the  antioxidant  capacities  of  the 
oils  with  0%  RLL  are  similar,  the  oxidative  stabilities  of  the 
ester  basestocks  used  in  the  MIL-L-7808  oils,  which  are  expected 
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Onset  of  Oxidation  Time  (Minutes) 


Stressing  Time  (Hours) 


Figure  91.  Plots  of  the  HP-DSC  Onset  of  Oxidation  Time  Versus  Stressi 
Time  at  370°F  for  the  TEL-4001  Through  TEL-4006  MIL-L-7808 
Oils . 


to  be  different,  appear  to  be  complicating  the  interpretation  of 
the  HP-DSC  results. 

Another  problem  in  assessing  RLL  from  the  HP- 
DSC  data  is  that  the  onset  of  oxidation  time  for  the  TEL-4002  and 
TEL-4003  oils  increase  during  the  initial  stages  of  oxidation 
(Figure  91).  Similar  results  have  been  reported  for  the  HP-DSC 
analyses  of  MIL-L-7808  type  oils  (References  2  and  17)  and  were 
attributed  to  the  thermal-oxidative  generation  of  new  antioxidant 
species  [CV  analyses  (Figures  58-63)  also  identified  the  presence 
of  new  antioxidant  species  in  the  stressed  MIL-L-7808  oils].  The 
increase  in  oxidative  stabilities  complicates  the  RLL  assessment 
of  slightly  degraded  lubricants. 

(c)  Linearizing  the  HP-DSC  Onset  of  Oxidation 

Time  Plots 

In  an  attempt  to  better  understand  the 
relationships  between  the  onset  of  oxidation  time  and  the  RLL  of  a 
MIL-L-7808  oil,  the  In,  inverse,  and  inverse  squared  of  the  onset 
of  oxidation  time  representing  first,  second,  and  third  order 
reactions,  respectively,  were  plotted  versus  stressing  time  at 
370°F.  The  plots  of  the  TEL-4001  through  TEL-4006  oils  are  shown 
in  Figures  92-94. 

Although  none  of  the  different  mathematical 
relationships  produce  linear  plots,  the  In  of  the  onset  of  oxida¬ 
tion  time  versus  stressing  time  plots  appear  to  be  the  most 
linear.  Again,  the  increase  in  the  oxidative  stability  of  the 
oils  during  early  oxidation  and  the  insensitivity  to  differences 
in  the  oxidation  stabilities  of  badly  degraded  oils  limits  the 
linearity,  and  consequently,  the  RLL  assessing  capabilities  of  the 
HP-DSC  results. 

(d)  Linearizing  the  HP-DSC  Onset  of  Reaction 

Time  Plots 

Since  it  appeared  that  the  different  oxidation 
stabilities  of  the  ester  basestocks  used  in  the  MIL-L-7808  oils 
were  affecting  the  RLL  assessment  capabilities  of  the  HP-DSC 
technique,  the  HP-DSC  results  were  reanalyzed.  Instead  of  using 
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Figure  92.  Plots  of  the  In  of  the  Onset  of  Oxidation  Time  Versus  Stressing 
Time  at  370°F  for  the  TEL-4001  Through  TEL-4006  MIL-L-7808  Oils. 
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Figure  93.  Plots  of  the  Inverse  of  the  Onset  of  Oxidation  Time  Versus 
Stressing  Time  at  370 °F  for  the  TEL-4001  Through  TEL-4006 
MIL-L-7808  Oils. 
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Figure  94.  Plots  of  the  Inverse  Squared  of  the  Onset  of  Oxidation  Time 
Versus  Stressing  Time  at  370°F  for  the  TEL-4001  Through 
TEL-4006  MIL-L- 7808  Oils.  . 


the  onset  of  oxidation  time  determined  from  the  large  exothermic 
peak  in  Figure  90  produced  by  the  oxidation  of  the  ester 
basestock,  the  onset  of  reaction  time  determined  from  the  initia¬ 
tion  of  the  small  exothermic  peak  in  Figure  90  was  used.  It  was 
postulated  that  the  initiation  of  the  small  exothermic  peak  in 
Figure  90  occurred  when  the  antioxidant  capacity  of  the  oil  sample 
was  depleted,  and  thus,  was  independent  of  the  ester  basestock. 

To  determine  the  RLL  assessing  capabilities  of 
the  onset  of  reaction  times,  the  onset  of  reaction  times  for  the 
MIL-L-7808  oils  were  plotted  versus  hours  of  remaining  lubricant 
life  as  shown  in  Figure  95.  Although  the  preoxidation  period 
decreased  with  increasing  stressing  time,  the  preoxidation  period 
was  very  formula  dependent  and  decreased  in  a  random  manner,  and 
thus,  was  eliminated  from  further  consideration. 

The  plots  of  the  onset  of  reaction  times  for 
the  TEL-4001  through  TEL-4006  oils  versus  remaining  hours  of 
lubricant  life  shown  in  Figure  95  indicate  that  the  onset  of 
reaction  time  is  strongly  related  to  RLL. 

In  contrast  to  the  onset  of  oxidation  times 
(Figure  92)  which  vary  from  2.5  to  1.0  minutes  at  the  ends  of  the 
MIL-L-7808  oils'  stable  lives,  the  onset  of  reaction  times  (Figure 
95)  vary  only  from  1.1  to  0.9  minutes  at  the  ends  of  the  MIL-L- 
7808  oils'  stable  lives,  and  thus,  a  0%  RLL  value  can  be 
assigned. 

In  an  attempt  to  obtain  a  linear  relationship 
between  the  onset  of  reaction  time  and  RLL,  the  In  values  of  the 
onset  of  reaction  times  were  plotted  versus  remaining  hours  of 
lubricant  life  as  shown  in  Figure  96. 

The  In  plots  of  the  onset  of  reaction  times 
shown  in  Figure  96  are  linear  after  the  first  hours  of  stressing 
down  to  a  In  value  of  approximately  0.2  (onset  of  reaction  time  = 
1.2  minutes).  Therefore,  if  0%  RLL  is  assigned  to  a  In  value  of 
0.2  and  100%  RLL  to  a  In  value  to  2.20  (fresh  TEL-4006  oil), 
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Figure  95.  Plots  of  the  HP-DSC  Onset  of  Reaction  Time  Versus  Remaining 

Lubricant  Life  at  370°F  for  the  Fresh  and  Stressed  MIL-L-7808 
Oils. 
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percent  RLL  can  be  determined  from  the  In  values  of  the  onset  of 
reaction  times. 

However,  the  onset  of  reaction  times  result  in 
conservative  0%  RLL  assessments  for  the  MIL-L-7808  oils.  The  C% 
RLL  occur  approximately  60  hours  prior  to  the  ends  of  the  MIL-L- 
7808  oils’  stable  lives.  Although  an  analysis  temperature  lower 
than  250°C  would  be  expected  to  decrease  the  conservative  nature 
of  the  HP-DSC  results,  a  lower  analysis  temperature  would  result 
in  analysis  times  greater  than  the  criteria  time  limit  (Table  1) 
of  10  minutes. 

In  spite  of  the  conservative  nature  of  the 
onset  of  reaction  times,  they  make  the  HP-DSC  technique  suitable 
for  development  into  a  RLLAT.  In  fact,  the  conservative  nature  of 
the  onset  of  reaction  times  may  be  advantageous  in  that  it 
provides  the  analyst  with  a  safety  buffer  for  incorrect  RLL 
assessments. 

(3)  Sealed  Pan-Differential  Scanning  Calorimetry 
(a)  Introduction 

In  addition  to  the  HP-DSC  studies,  a  sealed 
pan-DSC  (SP-DSC)  technique  was  developed  which  eliminated  the  high 
pressure  requirements  of  the  HP-DSC  technique.  The  effects  of  the 
sample  pan,  sample  size,  atmosphere,  oxidizing  agents,  initial 
temperature,  and  heating  rates  on  the  analysis  times  of  the  SP-DSC 
were  studied  to  obtain  analysis  times  of  less  than  ten  minutes. 

To  fully  evaluate  the  SP-DSC  technique,  sets  of  fresh  and  stressed 
( 370°F )  MIL-L-7808  lubricating  oils,  TEL-4001  through  TEL-4006, 
were  analyzed.  The  onset  of  oxidation  times  and  the  peak  heights 
were  recorded  for  each  oil  sample.  The  onset  of  oxidation  time 
was  then  plotted  versus  stressing  time  at  370°P  for  each  oil 
sample  to  determine  the  relationships  which  exist  between  the  SP- 
DSC  results  and  the  RLL  of  the  MIL-L-7808  oil  samples. 

(b^  Effect  of  Sample  Pan 

Two  types  of  sample  pans  were  studied  during 
the  SP-DSC  investigation.  The  first  sample  pan  investigated  was  a 
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high  pressure  (200  psi  internal  pressure),  sealable  pan  consisting 
of  two  threaded,  stainless  steel  capsules  which  are  sealed  with  a 
copper  ring.  When  the  DSC  analyses  were  run  using  the  stainless 
steel  capsules,  small  (less  than  0.25  mW)  endothermic  baseline 
shifts  (Figure  97)  were  produced,  in  complete  contrast  to  the 
large  (greater  than  200  mW)  exothermic  peaks  (Figure  90)  produced 
by  the  HP-DSC  technique.  However,  when  hermetically  sealable  pans 
(withstand  50  psi  internal  pressure),  consisting  of  two  sealable 
aluminum  pans,  were  used  for  the  DSC  analysis,  a  small  (less  than 
5  mW)  exothermic  peak  was  produced  in  agreement  with  the  HP-DSC 
results. 

It  is  well  known  that  during  long  term  oxida¬ 
tion  studies,  steel  catalyzes  oil  oxidation  (Reference  44). 
Therefore,  since  the  HP-DSC  technique  uses  aluminum  pans,  it 
appears  that  the  stainless  steel  surface  of  the  high  pressure, 
threaded  pans  is  reacting  with  the  oil  sample  causing  the  dif¬ 
ferences  between  the  HP-DSC  and  SP-DSC  results. 

Due  to  the  apparent  reaction  between  the  stain¬ 
less  steel  surface  of  the  high  pressure,  threaded  pan  and  the  oil 
sample,  the  high  cost  of  the  threaded,  stainless  steel  pan  ($300) 
makes  it  unsuitable  for  routine  use,  and  consequently,  for  use  in 
a  RLLAT. 

Therefore,  all  of  the  development  research  on 
the  SP-DSC  technique  was  performed  using  the  hermetically-sealed 
aluminum  pans. 

(c)  Effect  of  Sample  Size 

To  determine  the  effect  of  sample  size  on  the 
SP-DSC  results,  sample  sizes  of  0.2  to  2.0  pi  were  used  for  a 
stressed  TEL-4006  oil  sample  (stressed  194  hours  at  370°F). 
Although  sample  sizes  larger  than  1.5  yl  did  not  produce  discern- 
able  DSC  signals,  the  thermograms  in  Figure  98  indicate  that  the 
air  inside  the  hermetically  sealed  pan  is  adequate  to  produce  a 
discernible  DSC  signal  for  oil  sample  sizes  of  less  than  1.5  pi. 

In  fact,  the  produced  DSC  signal  is  greatest  for  the  0.2  Ml 
sample,  indicating  that  sample  sizes,  smaller  than  0.2  y 1  would 
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Figure  97.  SP-DSC  Thermogram  of  Fresh  TEL-4006  KEL-L-7808  Oil  Performed  in  the  Stainless 
Steel  Capsule, 


Figure  98.  Effect  of  Sample  Size  on  the  SP— DSC  (in  air)  Thermogram  (250°C)  of  a  Stressed 
(194  flours  at  370 °F)  TEL-4006  HIL-L-7808  Oil. 


yield  even  larger  DSC  signals.  However,  0.2  pi  is  the  smallest 
sample  that  could  be  dispensed  with  accuracy.  Therefore,  unless 
stated  otherwise,  0.2  pi  samples  were  used  during  the  rest  of  the 
SP-DSC  study. 

(d)  Effect  of  Oxidizing  Suhstances 

Although  the  exotherms  produced  by  the  stressed 
TEL-4006  oil  sample  (Figure  98)  are  easily  discernible,  no  dis¬ 
cernible  peaks  were  produced  by  the  fresh  or  slightly  stressed 
(less  than  100  hours  at  370°F)  TEL-4006  oil  samples.  The  fresh 
TEL-4001  and  TEL-4005  oil  samples  also  did  not  produce  discernible 
peaks.  Thus,  it  appeared  that  a  catalyst  was  needed  to  produce 
discernible  peaks  for  fresh  and  slightly  stressed  MIL-L-7808  oil 
samples.  Therefore,  oxidizing  substances  were  added  to  the  oil 
sample  in  the  DSC  pan  prior  to  analysis.  The  first  oxidizing 
substance  tested  was  LiClO^,  but  no  discernible  peaks  were 
produced  for  the  fresh  TEL-4006  oil. 

The  next  oxidizing  substance  studied  was  cumene 
hydroperoxide.  A  10  percent  solution  of  cumeme  hydroperoxide  was 
prepared  in  benzaldehyde  (easily  oxidizable  substance).  A  1  pi 
sample  of  the  cumene  hydroperoxide/benzaldehyde  solution  was 
placed  in  the  DSC  pan  and  hermetically  sealed.  The  exotherm 
produced  by  the  solution  is  shown  in  Figure  99.  Although,  the 
presence  of  fresh  TEL-4006  oil  inhibited  the  exotherm  produced  by 
the  cumene  hydroperoxide/benzaldehyde  solution  (Figure  99),  a 
later  discernible  peak  was  not  produced.  Since  the  size  of  the 
exotherm  is  dependent  upon  numerous  factors,  e.g.,  cumene 
hydroperoxide  concentration,  amount  of  cumene 

hydroperoxide/benzaldehyde  solution,  sample  size  of  oil,  etc.,  the 
size  of  the  exotherm  could  not  be  used  for  reliable  RLL 
assessments. 

The  next  oxidizing  substances  studied  were  the 
hydroperoxides  present  in  an  aged  TEL-4005  oil  sample  (Figure  49) 
which  had  been  stressed  180  hours  at  370°F  and  had  0  percent 
remaining  lubricant  life  (stable  life  at  370°F=*155  hours).  The 
exotherm  produced  at  250°C  (isothermal)  by  the  aged  TEL-4005  oil 


Isothermal 


sample  is  shown  in  Figure  100.  Although  the  addition  of  fresh 
TEL-4005  and  TEL-4004  oils  inhibited  the  exotherm  of  the  aged  TEL- 
4005  oil  { Figure  100),  stressed  TEL-4005  and  TEL-4004  oils  had  no 
effect  on  the  exotherm  produced  by  the  aged  TEL-4005  sample. 

(e)  Effect  of  Oxidizing  Atmosphere 

To  test  the  effect  of  an  oxidizing  atmosphere 
on  the  SP-DSC  results,  the  DSC  pans  were  sealed  under  an  atmos¬ 
phere  of  oxygen  inside  a  glove  bag.  The  exotherms  for  a  stressed 
TEL-4006  oil  sample  (194  hours  at  370°F)  produced  under  air  and 
oxygen  atmospheres  at  250°C  (isothermal)  are  shown  in  Figure  101. 
The  presence  of  oxygen  shortened  the  onset  ~f  oxidation  time  from 
2.7  minutes  to  0.8  minutes  and  increased  the  size  of  the  exotherm. 
The  presence  of  oxygen  also  produced  a  discernible  exotherm  for 
fresh  TEL-4006  oil  (Figure  101). 

Although  the  exotherm  produced  in  the  oxygen 
atmosphere  is  larger  than  the  exotherm  produced  in  the  air  atmos¬ 
phere,  it  is  much  smaller  than  the  exotherm  produced  under  200  psi 
of  oxygen  at  250°C  (Figure  102).  Thus,  it  appears  that  the  oxygen 
atmosphere  sealed  in  the  DSC  pan  is  sufficient  to  initiate  the 
oxidation  of  the  oil  sample,  but  is  not  enough  to  produce  the 
complete  oxidation  of  the  oil  sample,  as  obtained  under  200  pai  in 
the  HP-DSC  technique.  In  the  sealed  pan  of  the  SP-DSC  technique 
the  fresh  TEL-4006  oil  sample  was  still  a  liquid  and  only  slightly 
darkened  after  analysis  (incomplete  oxidation  ),  but  the  oil  was 
completely  oxidized  in  the  open  pan  of  the  HP-DSC  resulting  in  a 
dark  brown  solid. 

Therefore,  the  results  of  the  SP-DSC  technique 
using  the  oxygen  atmosphere  should  be  similar  to  those  obtained 
from  the  onset  of  reaction  times  (Figure  90)  of  the  HP-DSC 
produced  exotherms  (Figure  96),  and  thus,  the  RLL  assessments  of 
the  SP-DSC  technique  should  be  affected  very  little  by  the  for¬ 
mulation  differences  of  the  TEL-4001  through  TEL-4006  MIL-L-7808 
lubricating  oils. 
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Fresh  and  Stressed  (194  Hours  at  3 70 °F)  TEL— 4006  MIL— L— 7808  Oils- 


(f)  Effect  of  Initial  Temperature 

Although  the  TEL-4006  oil  stressed  194  hours  at 
370°F  (stable  life  =  320  hours)  still  has  RLL,  it  produces  an 
exotherm  at  250°C  with  an  onset  of  oxidation  time  (Figure  101)  of 
approximately  0.8  minutes.  Also,  the  exotherm  of  fresh  TEL-4006 
oil  (which  has  the  longest  stable  life  at  370°F)  should  occur  at 
approximately  10  minutes  to  obtain  the  most  accurate  RLL 
assessments;  however,  it  occurs  at  approximately  5  minutes. 
Therefore,  the  SP-DSC  stressing  temperature  of  250°C  is  too  high 
when  an  oxygen  atmosphere  is  used. 

To  determine  the  effect  of  the  initial  tempera¬ 
ture  on  the  exotherm  of  the  stresssed  (305  hours  at  370°F)  TEL- 
4006  oil  with  0%  RLL,  the  initial  temperatures  of  230,  235,  and 
240°C  were  studied.  The  exotherms  produced  by  the  stressed  TEL- 
4006  oil  at  the  different  initial  temperatures  are  shown  in  Figure 
103. 

The  exotherms  for  the  stressed  TEL-4006  oil 
(Figure  103)  indicate  that  an  initial  temperature  of  230°C  would 
increase  the  capability  of  the  SP-DSC  technique  to  distinguish 
between  oil  samples  with  limited  RLL.  However,  an  exotherm  was 
not  produced  in  the  required  10  minutes  for  the  fresh  TEL-4Q06  oil 
at  230°C  (isothermal).  Therefore,  a  heating  rate  of  3°C/minute 
was  used  to  shorten  the  onset  of  oxidation  times  for  fresh  MIL-L- 
7808  oils.  After  holding  at  230°C  for  1  minute,  the  temperature 
was  increased  at  3°C/minute  to  produce  an  exotherm  for  the  fresh 
TEL-4006  oil  with  an  onset  of  oxidation  time  of  9.6  minutes 
(Figure  104). 

(g)  Sealed  Pan-Differential  Scanning  Calorimetric 

Analyses  of  the  MIL-L-7808  Oils 

To  evaluate  the  SP-DSC  technique  with  an  oxygen 
atmosphere,  fresh  and  stressed  (370°F)  MIL-L-7808  lubricating  oils 
were  analyzed  using  an  initial  temperature  of  230°C  (isothermal 
for  1  minute)  followed  by  a  3°C/minute  ramp  for  10  minutes  (230° 


to  260°C).  The  exotherms  produced  by  the  frosh  and  stressed  TEL- 
4001  through  TEL-4006  MIL-L-7808  oils  are  shown  in  Figures  105- 
110,  respectively. 

The  exotherms  shown  in  Figures  105-110  indicate 
that  after  the  first  24  hours  of  stressing  there  is  a  direct 
relationship  between  the  RLL  of  the  MIL-L-7808  oil  samples  and  the 
SP-DSC  results,  i,e.,  the  onset  of  oxidation  times  decrease  with 
stressing  time  at  370°F. 

During  the  first  24  hours  of  stressing,  the 
onset  of  oxidation  times  remain  fairly  constant  for  the  TEL-4002 
through  TEL-4005  oils  (Figures  106-109),  but  decrease  for  the  TEL- 
4001  and  TEL-4006  oils  (Figures  105-110).  Similar  results  were 
obtained  by  the  HP-DSC  (Figure  91).  Therefore,  it  appears  that 
the  oils  containing  PANA  and  DODPA,  TEL-4002  through  TEL-4005 
oils,  actually  increase  in  oxidative  stability  during  the  early 
stages  of  oxidation.  While,  the  oxidative  stabilities  of  the  oils 
containing  octyl-PANA  and  DODPA,  TEL-4001  and  TEL-4006  oils, 
decrease  with  stressing  t ime • regardless  of  the  3tage  of 
oxidation. 

To  initially  study  the  relationships  which 
exist  between  the  onset  of  oxidation  times  of  the  SP-DSC  technique 
and  the  RLL  of  the  MIL-L-7808  oils,  the  onset  of  oxidation  time 
for  each  oil  sample  was  plotted  versus  its  corresponding  stressing 
time  at  370°F.  The  plots  for  the  TEL-4001  through  TEL-4006  MIL-L- 
7808  oils  are  shown  in  Figure  111. 

The  plots  of  the  MIL-L-7808  oils'  onset  of 
oxidation  times  in  Figure  111,  show  that  the  SP-DSC  determined 
oxidation  stabilities  of  the  fresh  MIL-L-7808  oils  decrease  in  the 
order:  TEL-4006>TEL-4003>TEL-4004«TEL-4002>TEL-4005>TEL-400 1. 

This  order  of  oxidation  stabilities  agrees  well  with  the  results 
of  the  HP-DSC  technique  (Figure  91)  and  of  the  Federal  Test  Method 
Standard  791  Method  5307.1  (Appendix  A). 

Vhe  plots  of  the  MIL-L-7808  oils'  SP-DSC  onset 
of  oxidation  times  in  Figure  111,  also  show  that  the  onset  of 
oxidation  times  for  the  MIL-L-7808  oil  samples  with  0%  RLL  (taken 
after  end  of  stable  lift  at  370°F)  range  between  0.9-1. 6  minutes. 
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TEL- 4001  OIL  STRESSED  AT  37C*F 


SP-DSC  (in  Oxygen)  Thermograms  (230°C  -  3°C/Min.)  of  Fresh  and  Stressed 
(19-116  Hours  at  370°F)  TEL-4001  MH-L-7808  Oils. 


106.  SP-DSC  (in  Oxygen)  Thermograss  (230°C  -  3°C/Min.)  of  the  Fresh  and 
Stressed  (16-213  Hours  at  370°F)  TEL-4002  MIL-L-7808  Oils. 


’-DSC  (in  Oxygen)  Thermograms  (230cC  -  3°C/Min.)  of  the  Fresh  and  Stressed 
.6-360  Hours  at  370°F)  TEL-4003  MIL-L-7808  Oils. 


SP-DSC  (in  Oxygen)  Thermograms  (230°C  -  3°G/Min.)  of  the  Fresh  and 
Stressed  (19—166  Hours  at  370°F)  TEL-4005  MIL— L— 7808  Oils. 


Oxidation  Tine  (Minutes) 


figure  111.  Plots  of  the  SP-DSC  (in  Oxygen)  Onset  of  Oxidation 
Time  Versus  Stressing  Time  at  370°F  for  the  Fresh 
and  Stressed  MIL-L-7808  Oils. 


The  agreement  of  the  different  MIL-L-7808  oils'  onset  of  oxidation 
times  with  0%  RLL  for  the  SP-DSC  technique  is  better  than  the 
agreement  among  the  onset  of  oxidation  times  of  the  HP-DSC  tech¬ 
nique  (1.0-2. 4  minutes:  Figure  91)  and  is  worse  than  the 
agreement  among  the  onset  of  reaction  times  of  the  HP-DSC  tech¬ 
nique  (0.6-1. 0  minutes:  Figure  95). 

Therefore,  the  results  of  the  SP-DSC  with  an 
oxygen  atmosphere  are  directly  related  to  the  RLL  of  the  MIL-L- 
7808  oils  and  the  results  are  slightly  affected  by  formulation. 

(h)  Linearizing  the  SP-DSC  Onset  of  Oxidation 

Time  Plots 

Since  the  SP-DSC  onset  of  oxidation  times  are 
related  to  the  RLL  of  MIL-L-7808  oils,  an  investigation  to  iden¬ 
tify  the  mathematical  expression  which  produced  linear  SP-DSC 
result  versus  RLL  plots  for  the  stressed  MIL-L-7808  lubricating 
oil  samples  was  performed. 

Since  the  In  values  of  the  RCV  (Figure  89)  and 
of  the  HP-DSC  (Figure  96)  results  produced  linear  plots  versus  the 
stressing  times  of  the  MIL-L-7808  oil  samples,  the  f n  values  of 
the  SP-DSC  onset  of  oxidation  times  were  plotted.  The  value  of 
the  SP-DSC  onset  of  oxidation  time  versus  hours  of  remaining 
lubricant  life  (370°F)  plots  are  shown  in  Figure  112  for  the  TEL- 
4001  through  TEL-4006  MIL-L-7808  oils. 

As  seen  in  Figure  112,  the  In  value  of  the  SP- 
DSC  onset  of  oxidation  time  versus  hours  of  remaining  lubricant 
life  plots  of  the  MIL-L-7808  oil  samples  exhibit  differing  degrees 
of  linearity.  During  the  early  stages  of  oxidation,  the  onset  of 
oxidation  times  remain  fairly  constant  for  the  TEL-4002  through 
TEL-4005  oils  and  decrease  rapidly  for  the  TEL-4001  and  TEL-4006 
oils.  After  the  early  stages  of  oxidation,  the  plots  of  the  TEL- 
4001  and  TEL-4006  oil  samples  are  linear  but  contain  inflection 
points.  Similar  inflection  points  were  observed  in  the  plots  of 
the  single  scan-RCV  results  (Figure  76)  but  not  in  the  plots  of 
the  multiple  scan-RCV  (Figure  89)  and  HP-DSC  results  (Figure  96). 
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Figure  112.  Plots  of  the  In  of  the  SP-DSC  Onset  of  Oxidation  Time  VerauB  Hours 
of  Remaining  Lubricant  Life  at  370°F  for  the  Fresh  and  Stressed 
MIL-L-7808  Oils. 
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Therefore,  it  appears  that  the  SP-DSC  technique 
determines  the  antioxidant  capabilities  of  the  species  present  in 
the  oil  sample  (single  scan  CV  analyses  only  species  present  in 
oil  sample).  However,  the  HP-DSC  technique  determines,  not  only, 
the  antioxidant  capabilities  of  the  species  present  in  the  oil 
sample,  but  also  the  capacities  of  the  species  present  in  the  oil 
sample  to  generate  new  antioxidant  species  [multiple  scan-CV, 
first  generates  new  species,  then  measures  the  total  concentration 
of  species  (original  and  generated)  in  the  oil  sample].  The  fact 
that  the  agreement  of  the  SP-DSC  and  HP-DSC  results  increases  with 
stressing  time  (oil  sample’s  capability  to  generate  new  species 
decreases  with  stressing  time)  supports  this  idea.  Also,  the 
DODPA  concentration  versus  stressing  time  plots  for  the  MIL-L-7808 
oils  contain  similar  inflection  points  (Appendix  A). 


The  other  interesting  feature  of  the  SP-DSC 
result  versus  stressing  time  plots’  in  Figure  112  is  that  the  onset 
of  oxidation  time  decreases  with  hours  of  remaining  lubricant  life 
until  the  end  of  each  oils’  stable  life.  In  contrast,  the  HP-DSC 
result  versus  hours  of  remaining  lubricant  life  plots  in  Figure  96 
show  that  the  onset  of  reaction  time  decreases  with  stressing  time 
until  60  (TEL-4003  oil)  to  20  (TEL-4001  oil)  hours  prior  to  the 
end  of  the  oils’  stable  lives.  Therefore,  it  appears  that  the 
lower  initial  temperature  (230°C)  of  the  SP-DSC  technique  enables 
the  SP-DSC  to  distinguish  between  oil  samples  with  limited  remain¬ 
ing  lubricant  lives  better  than  the  HP-DSC  (initial  temperature  = 

2  5  0  0  C ) . 

(4)  Comparison  of  the  SP-DSC  and  HP-DSC  Techniques 

In  order  to  determine  the  thermal  stressing  tech¬ 
nique  with  the  most  potential  for  development  into  a  RLLAT, 

Table  .12  was  prepared.  The  SP-DSC  and  HP-DSC  techniques  in  Table 
12  indicates,  the  thermal  stressing  technique  best  suited  for 
development  into  RLLAT  is  not  clear. 

Although  SP-DSC  has  lower  instrumental  cost  and  is 


simpler  and  safer  to  operate,  HP-DSC  has  a  lower  operational  cost 
and  does  not  require  sample  preparation  (shorter  total  analysis 


TABLE  12 

SUMMARY  OP  SP-DSC  AND  HP-DSC  TECHNIQUES 


SP-DSC 


HP-DSC 


Cost 


Instrumental 

Operational 


$  15-20K  $  20-25K 

$  0.80  $  0.30 


Ease  of  Operation 


Sample  Preparation 
DSC  Procedure 
Safety  Requirements 


Yes  No 

Simple  Complex 

No  Yes 


Lubricant  Life  Prediction 


Effect  of  Formulation  on  0% 
Remaining  Lubricant 
Life  Value  (Minutes) 
Linear  Relationship  with 
Remaining  Lubricant  Life 


1.2+0. 3 


0  .8+0.2 
1 . 7 + 0 . 7  c 


Analysis  Time  (Minutes) 


1.2-10’ 


0.8-10' 
1 .7-11* 


Seal  DSC  pan  inside  glove  bag  with  oxygen  atmosphere. 

"’onset  of  reaction  time. 

'Onset  of  oxidation  time. 

3 

Linear  between  inflection  points. 

'Plus  sample  preparation  time  of  2-3  minutes. 
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time).  The  importance  of  the  linear  relationship  between  the 
technique's  results  and  the  RLL  of  an  oil  sample  is  lowered  by  the 
fact  that  operating  jet  engines  require  periodic  oil  additions, 
resulting  in  nonlinear  relationships  between  the  RLL  of  an  oil 
sample  and  the  operating  time  of  the  jet  engine. 

Therefore,  for  oil  analysis  labs  analyzing  a  small 
number  of  oil  samples  taken  from  jet  engines  requiring  frequent 
oil  additions,  the  SP-DSC  technique  is  better  suited  for  RLL 
assessments.  Whereas,  for  oil  analysis  labs  analyzing  a  large 
number  of  oil  samples  taken  from  jet  engines  requiring  limited  oil 
additions,  the  HP-DSC  technique  is  better  suited  for  RLL 
assessments. 

(d)  Chemical  Stressing  Technique 


(1)  Introduction 


As  the  results  in  Task  1  indicated,  the 
colorimetric  method  is  the  chemical  stressing  technique  best 
suited  for  development  into  a  RLLAT  candidate.  The  colorimetric 
method  has  the  capability  to  differentiate  between  oil  samples 
with  varying  degrees  of  thermal  oxidative  degradation.  However, 
results  of  Task  1  also  showed  (Figure  38)  that  the  experimental 
parameters  of  the  colorimetric  method  need  to  be  modified  in  order 
to  complete  the  test  in  ten  minutes.  An  additional  problem  with 
the  colorimetric  method  is  that  fresh  MIL-L-7808  lubricating  oils 
do  not  exhibit  BDN  decoloration  induction  times  (Figures  37  and 
38). 


Therefore,  the  experimental  parameters  capable 
of  producing  BDN  decoloration  induction  times  of  less  than  10 
minutes  were  studied.  The  effects  of  reaction  temperature  and 
cumene  hydroperoxide  concentration  on  the  induction  time  of  the 
BDN  decoloration  reaction  were  studied.  In  order  to  compensate 
for  the  fresh  MIL-L-7808  lubricating  oils  not  producing  BDN 
decoloration  induction  times,  the  time  required  to  reach  a  preset 
decrease  in  absorbance  was  used  to  determine  the  end  of  the  oils' 
BDN  decoloration  induction  times.  The  developed  colorimetric 
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method  was  then  used  to  analyze  fresh  and  stressed  TEL-4001 
through  TEL-4006  MIL-L-7808  lubricating  oils. 

(2)  Effect  of  Sample  Temperature 

Since  the  rate  of  reaction  between  the  an¬ 
tioxidant  species  in  the  oil  sample  and  cumene  hydroperoxide 
increases  with  temperature,  i.e.  ,  BDN  decoloration  induction  time 
decreases,  the  effect  of  sample  temperature  on  the  induction  times 
of  stressed  TEL-4001  and  TEL-4006  oil  samples  were  studied.  The 
MIL-L-7808  oils,  TEL-4001  and  TEL-4006,  were  chosen  for  this  study 
since  they  produced  the  shortest  and  longest  stable  lives  at 
370°P,  respectively.  Therefore,  a  temperature  which  produced  BDN 
decoloration  induction  times  of  less  than  ten  minutes  for  the 
fresh  TEL-4006  oil,  but  which  allowed  the  differentiation  between 
stressed  TEL-4001  oil  samples  of  varying  degrees  of  thermal- 
oxidative  degradation  could  be  selected. 

To  determine  the  effects  of  reaction  tempera¬ 
ture  on  the  induction  time  of  the  BDN  decoloration  reaction,  15  pi 
samples  of  fresh  and  stressed  (370#F)  TEL-4001  and  TEL-4006  oils 
were  added  to  0.75  ml  of  BDN  solution  and  0.5  ml  of  cumene 
hydroperoxide  (optimum  parameters  from  Task  1).  The  reaction 
temperatures  of  25,  30,  35,  and  40*C  were  studied  and  the  absor¬ 
bances  of  the  BDN  solution  were  plotted  versus  reaction  time  to 
determine  the  BDN  decoloration  induction  times  of  the  stressed 
TEL-4001  and  TEL-4006  oils.  The  24  hour  stressed  sample  of  the 
TEL-4006  oil  produced  BDN  decoloration  induction  times  of  greater 
than  20  minutes  at  25  and  30°C.  At  40°C  the  experimental  setup 
produced  a  signal  to  the  X-Y  plotter  which  was  so  erratic  that  the 
BDN  decoloration  induction  times  of  the  TEL-4006  oils  could  not  be 
determined.  However,  the  temperature  of  35°C  produced  an  BDN 
decoloration  induction  time  of  less  than  15  minutes  for  the  19 
hour  stressed  TEL-4006  oil  and  allowed  the  method  to  differentiate 
between  the  TEL-4001  oils  with  slightly  different  stressing  times 
(Figure  113).  Therefore,  35°C  was  used  in  all  future  research. 


Figure  113.  Plots  of  the  Percent  BDN  Absorbance  Versus  Reaction  Time  at 
35°C  for  the  Fresh  and  Stressed  TEL-4001  and  TEL-4006  Oils. 


(3)  Effect  of  Curaene  Hydroperoxide  Concentration 

Since  temperatures  higher  than  35°C  produced 
erratic  results  and  35°C  produces  BDN  decoloration  induction  times 
greater  than  10  minutes  for  the  slightly  stressed  TEL-4006  oil 
(Figure  113),  the  effect  of  cumene  hydroperoxide  concentration  on 
the  induction  times  of  the  TEL-4001  and  TEL-4006  MIL-L-7808  oils 
was  studied.  To  determine  the  effect  of  cumene  hydroperoxide 
concentration  on  the  induction  time  of  the  BDN  decoloration 
method,  15  pi  samples  of  fresh  and  stressed  (370°F)  TEL-4001  and 
TEL-4006  oils  were  added  to  0.75  ml  of  BDN  solution.  By  varying 
the  amounts  of  cumene  hydroperoxide  added  to  the  reaction  system 
from  0.5  to  1.0  ml  and  plotting  the  absorbances  of  the  BDN  solu¬ 
tion  versus  reaction  time,  it  was  determined  that  0.75  ml  of 
cumene  hydroperoxide  was  capable  of  producing  10  minute  or  less 
BDN  decoloration  induction  times  for  any  of  the  fresh  or  stressed 
MIL-L-7808  oils. 

However,  the  0.75  ml  of  cumene  hydroperoxide  is 
not  a  fixed  quantity,  because  different  batches  of  cumene 
hydroperoxide  produced  different  BDN  decoloration  induction  times. 
When  0.75  ml  of  a  new  batch  of  cumene  hydroperoxide  was  used 
during  the  research  following  the  concentration  study,  BDN 
decoloration  induction  times  of  less  than  7  minutes  were  obtained 
for  the  TEL-4006  oils  and  differentiation  between  stressed  TEL- 
4001  oils  became  difficult.  Another  batch  of  cumene  hydroperoxide 
required  1.0  ml  to  obtain  induction  times  of  less  than  10  minutes 
for  the  TEL-4006  oils.  Whether  these  differences  are  due  to 
aging,  to  differing  initial  cumene  hydroperoxide  concentrations 
(80%  purity),  or  to  the  species  making  up  the  remaining  20%  of  the 
obtained  chemical  is  unknown.  Therefore,  the  different  batches 
were  weakened  or  strengthened,  by  mixing  the  batches  prior  to  use, 
in  order  to  obtain  a  ten  minute  BDN  decoloration  induction  time 
for  the  TEL-4006  oil  sample  which  had  been  stressed  24  hours 
(sample  with  maximum  BDN  decoloration  induction  time). 


206 


(4)  Colorimetric  Analyses  of  MIL-L-7808  Oils 

In  order  to  determine  the  effects  of  formula¬ 
tion  on  the  results  of  the  colorimetric  methods ,  the  sets  of  fresh 
and  stressed  (370°P)  TEL-4001  through  TEL-4006  MIL-L-7808 
lubricating  oils  were  studied*  The  analyses  were  performed  at 
3 5°C  using  15  pi  samples  of  oil,  0.75  ml  of  BDN  solution  and  0.75 
ml  of  blended  cumene  hydroperoxide.  The  plots  of  the  percent  BDN 
absorbance  versus  reaction  time  at  35*C  for  the  TEL-4001  through 
TEL-4006  oils  are  shown  in  Figures  114-119,  respectively. 

The  plots  of  the  percent  BDN  absorbance  versus 
reaction  time  at  35°C  shown  in  Figures  114-119  demonstrate  the 
colorimetric  method's  capability  to  differentiate  between  varying 
degrees  of  thermal  oxidation  regardless  of  the  MIL-L-7808  oils' 
formulation.  However,  in  addition  to  the  problem  that  new  MIL-L- 
7808  lubricating  oils  do  not  produce  induction  periods,  the  shapes 
of  the  absorbance  curves  prior  to  the  rapid  BDN  decoloration  are 
dependent  on  formulation  and  degree  of  degradation.  As  the 
degradation  of  the  oils  increases,  the  absorbance  curves  exhibit  a 
dramatic  increase  in  absorbance  prior  to  the  rapid  decrease  in 
absorbance,  especially  the  TEL-4001  oil.  Also  the  absorbance 
curves  for  the  24  hour  stressed  TEL-4006  oil  exhibits  less  rapid 
decoloration  rates  than  the  other  oil  samples.  All  of  these 
factors  decrease  the  accuracy  of  the  BDN  decoloration  induction 
period  determinations  when  the  induction  time  is  defined  as  the 
time  at  which  rapid  BDN  decoloration  occurs. 

Therefore,  a  preset  decrease  in  absorbance  must 
be  used  to  determine  the  BDN  decoloration  induction  times  of  the 
different  oil  samples.  The  preset  decrease  in  absorbance  must  be 
chosen  so  that  reasonable  BDN  decoloration  induction  times  for  the 
new  MIL-L-7808  oils  are  determined  but  the  relationships  between 
the  stressed  oils  are  not  changed.  The  differences  in  the  initial 
absorbance  readings  caused  by  the  color  variations  of  the  oil 
samples  must  also  be  taken  into  account.  The  absorbance  plots  in 
Figures  114-119  indicate  that  the  use  of  a  25%  decrease  in  absor¬ 
bance  for  determination  of  the  BDN  decoloration  induction  times 
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Figure  114.  Plots  of  the  Percent  BDN  Absorbance  Versus  Reaction  Time 

at  35°C  for  the  Fresh  and  Stressed  (19-148  Hours  at  370°F) 
TEI-4001  Oils. 
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figure  116.  Plots  of  the  Percent  BDN  Absorbance  Versus 
35°C  for  the  Fresh  and  Stressed  (16-352  Hoi 
TEL-4003  Oils. 
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produces  reasonable  BDN  decoloration  induction  times  for  the  fresh 
MIL-L-7808  oils#  i.e.,  BDN  decoloration  induction  time  of  fresh 
oil  greater  than  oil  sample  48  hours  while  less  than  or  equal  to 
oil  stressed  24  hours. 

The  BDN  decoloration  induction  times  of  the 
fresh  and  stressed  (370°F)  MIL-L-7808  oils  determined  using  a  25% 
decrease  in  absorbance  were  plotted  versus  stressing  time  at  370°F 
and  are  presented  in  Figure  120. 

The  plots  of  BDN  decoloration  induction  time 
versus  stressing  time  at  370°F  for  the  MIL-L-7808  oils  shown  in 
Figure  120  have  shapes  similar  to  the  plots  of  the  results  of  the 
other  RLLAT  candidates  versus  stressing  time.  However,  in  con¬ 
trast  to  the  other  RLLAT  candidates'  results,  the  BDN  decoloration 
induction  time  of  every  MIL-L-7808  oil  increases  dramatically 
during  the  first  24  hours  of  stressing  at  370°F.  These  results 
indicate  that  the  new  antioxidant  species  generated  by  thermal- 
oxidation  identified  by  cyclic  voltammetry  (Figures  58-67)  and 
verified  by  HP-DSC  (Figure  96)  and  SP-DSC  (Figure  112),  greatly 
improve  the  hydroperoxide  decomposing  capabilities  of  the  an¬ 
tioxidant  system  in  the  stressed  MIL-L-7808  oils. 

(5)  Linearizing  the  Colorimetric  BDN  Decoloration 

Induction  Time  Plots 

Since  the  -fn  values  of  the  RCV  (Figure  89),  HP- 
DSC  (Figure  96)  and  SP-DSC  (Figure  112)  results  produced  the  most 
linear  plots  with  the  stressing  times  of  the  MIL-L-7808  oils,  the 
log  values  of  the  BDN  decoloration  induction  times  were  plotted. 
The  log  value  of  the  colorimetric  result  versus  hours  of  remaining 
lubricant  life  (370°F)  plots  are  shown  in  Figure  121  for  the  TEL- 
4001  through  TEL-4006  MIL-L-7808  lubricating  oils. 


As  seen  in  Figure  121,  the  log  value  of  the  BDN 
decoloration  induction  time  versus  hours  of  remaining  lubricant 
life  plots  of  the  MIL-L-7808  oil  samples  exhibit  differing  degrees 
of  linearity.  During  the  first  24  hours  of  oxidation,  the  BDN 
decoloration  induction  times  increase  rapidly  for  all  of  the  MIL¬ 
L-7808  oils.  After  the  first  24  hours  of  oxidation,  the  log  of 
the  BDN  decoloration  induction  time  plots  are  linear,  but  contain 
inflection  points  similar  to  those  observed  for  the  SP-DSC  (Figure 
112),  single  scan-RCV  (Figure  76),  and  PODPA  concentration 
(Appendix  A)  plots. 

Therefore,  the  colorimetric  method  determines 
the  hydroperoxide  decomposing  capabilities  of  the  antioxidant 
species  present  in  the  oil  sample.  Thus,  the  capacities  of  the 
antioxidant  species  present  in  the  oil  sample  to  generate  new 
species  with  hydroperoxide  decomposing  capabilities  are  not 
measured  by  the  colorimetric  method. 

The  log  value  of  the  BDN  decoloration  induction 
time  versus  hours  of  remaining  lubricant  life  plots  in  Figure  121 
also  show  that  the  effect  of  formulation  on  the  colorimetric 
method's  results  is  small.  At  the  ends  of  the  MIL-L-7808  oils' 
stable  lives  at  370°F,  the  average  BDN  decoloration  induction  time 
is  approximately  8+3  seconds. 

(e)  Comparison  of  Remaining  Lubricant  Life  Assessment 

Test  Candidates 

The  RLLAT  candidates  developed  during  this  inves¬ 
tigation  have  been  categorized  into  three  main  groups  and  have 
been  ranked  in  the  following  order:  voltammetric  >  thermal 
stressing  >  chemical  stressing.  The  three  main  groups  and  the 
criteria  used  to  rank  their  potentials  for  development  into  RLLAT 
are  listed  in  Table  13. 

Of  the  RLLAT  candidates  developed  during  this  inves¬ 
tigation,  the  voltammetric  techniques  are  the  lowest  in  cost, 
easiest  to  operate,  require  the  shortest  analytical  time,  and 
produce  the  most  accurate  and  precise  RLL  assessments  (Table  13). 
The  voltammetric  techniques  also  can  be  used  to  identify  the  type 
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TABLE  13 

SUMMARY  OF  REMAINING  LUBRICANT  LIFE  ASSESSMENT  TEST  CANDIDATES 


Voltammetric 

Thermal 

Stressing 

Chemical 

Stressing 

Cost 

Instrumental 

less  than 
$1,000° 

$15-$25K 

less  than 
$1,000° 

Operational 

$0.08 

$0.30-0.80 

$0.10 

Ease  of  Operation 

Sample  size  (yl) 

50 

0. 2-1.0 

15 

Sample  preparation 

Simple 

Simple 

Moderate 

Analytical  procedure 

Simple 

Moderate 

Moderate 

Analysis  of  results 

Simple 

Simple- 

Moderate 

Moderate 

Safety  Requirements 

Normal 

Normal- 

Moderate 

Moderate 

Analysis  Time 

Sample  preparation 

less  than 

30  sec. 

0.5-3  min. 

less  than 
30  sec. 

Analytical  Procedure 

less  than 

20  sec. 

1-10  min. 

0.2-10  min 

Lubricant  Life  Prediction 

Effect  o£  Formulation  Slight 
on  0%  Life  Value 
Relationship  with  Linear 

Remaining  Lubricant 
Life 


Slight- 
Moderate 
Linear  with 
inflection 
points 


Slight 

Linear  with 

inflection 

points 


Additional  Information 


Identify 

antioxidant 

type 

Estimate 
concentration 
of  Hydro¬ 
peroxides 


No 


No 


Plus  cost  of  data  acquisition  system  $1 ,000-$3 ,000. 


of  antioxidants  used  in  the  MIL-L-7S08  oil  formulation  and  to 
estimate  the  total  concentration  of  hydroperoxides  in  the  oil 
sample. 

Therefore,  the  voltammetric  techniques,  in  par¬ 
ticular  the  reductive-cyclic  voltammetric  techniques,  were  the  top 
candidates  for  development  into  a  RLLAT. 

Although  the  chemical  stressing  techniques  are  much 
lower  in  cost  than  the  thermal  stressing  techniques,  the  thermal 
stressing  techniques  were  ranked  second  for  development  into  a 
RLLAT.  The  thermal  techniques  are  easier  to  operate  and  do  not 
require  the  toxic  chemicals  used  by  the  chemical  stressing 
techniques.  Also  the  results  of  the  chemical  stressing  techniques 
are  more  difficult  to  analyze  than  those  of  the  thermal  stressing 
techniques. 

3.  TASK  3.  EVALUATION  OF  REMAINING  LUBRICANT  LIFE  ASSESSMENT 
TEST  BASED  ON  THE  REDUCTIVE  CYCLT 2-VOLTAMMETRIC  TECHNIQUE 

a.  Introduction 

During  Task  2  of  this  investigation,  the  RLLAT  candidate 
based  on  the  RCV  technique  was  ranked  as  the  best  candidate  for 
development  into  a  RLLAT.  In  order  to  evaluate  the  RLLAT  based  on 
the  RCV  technique  (RLLAT-RCV),  the  effects  of  stressing  tempera¬ 
ture,  oil  formulation  and  oil  additions  on  its  RLL  assessments 
were  studied.  The  RLL  assessment  capabilities  of  the  RLLAT-RCV 
for  actual  used  MIL-L-7808  and  MI.L-L-23699  oil  samples  were  also 
studied. 

b.  Effect  of  Stressing  Temperature 

To  determine  the  effects  of  stressing  temperature  on  the 
RLLAT-RCV  results,  the  TEL-4001,  through  TEL-4006  MIL-L-7808  oils 
were  stressed  at  392°F,  characterized  as  described  in  Appendix  A, 
and  analyzed.  The  Hn  values  of  the  reduction  wave  heights  were 
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then  plotted  versus  hours  of  remaining  lubricant  life  at  392®F. 

The  ,/n  plots  for  the  TEL-4001  through  TEL-4006  oils  are  shown  in 
Figure  122. 

The  -Fn  plots  of  the  RLLAT-RCV  results  for  the  MIL-L-7808 
oils  stressed  at  392°F  (Figure  122)  are  in  good  agreement  with  the 
in  plots  for  the  MIL-L-7808  oils  stressed  at  370°F  (Figure  89). 

For  both  temperatures/  370°  and  392®F,  the  In  plots  are  linear 
after  only  a  few  hours  of  stressing  and  the  In  plots  have  an 
approximate  value  of  -0.70  (reduction  wave  height  of  0.5  pA)  at 
the  end  of  each  oil's  stable  life.  The  only  difference  between 
the  370°  and  392#F  In  plots  is  that  the  rate  of  decrease  for  the 
392#F  In  plot  is  about  double  that  for  the  370#F  In  plot.  The 
doubled  rate  of  decroase  for  the  392°F  In  plot  was  expected/  since 
the  stable  lives  of  the  MIL-L-7808  oils  stressed  at  392°F  oil  are 
approximately  half  the  stable  lives  of  the  oils  obtained  at  370*F 
(Appendix  A). 

Therefore/  if  the  In  value  of  -0.70  is  assigned  0%  rll 
and  an  arbitrary  In  value  of  3.44  is  assigned  100%  RLLr  the  RLLAT- 
RCV  can  be  used  to  predict  percent  RLL  regardless  of  stressing 
temperature  or  formulation.  However/  the  remaining  hours  of  life 
predictions  can  not  be  made  from  a  single  analysis  since  the  rate 
of  decrease  is  dependent  on  both  the  stressing  temperature  and  oil 
formulation  (Figures  89  and  122). 

c.  Effect  of  Oil  Formulation 

To  further  test  the  formulation  independence  of  the 
RLLAT-RCV  assessments/  fresh  candidate  MIL-L-27502  lubricating  oil 
was  studied.  The  antioxidant  system  of  the  candidate  MIL-L-27502 
lubricating  oil  is  unknown  and  thought  to  be  unique.  Therefore, 
candidate  MIL-L-27502  oil  is  a  good  oil  to  test  the  formulation 
independence  of  the  RLLAT-RCV.  The  cyclic  and  reductive-cyclic 
voltammograms  of  the  candidate  MIL-L-27502  lubricating  oil  are 
shown  in  Figure  123. 

The  voltammograms  in  Figure  123  show  that  cyclic  voltam¬ 
metry  is  able  to  detect  antioxidant( s)  in  the  candidate  MIL-L- 
27502  oil  and  that  the  reduction  wave  B  (Figure  123)  is  inhibited 
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Figure  123.  Cyclic  (First  Scan  and  Steady  State)  and  Reductive- 
Cyclic  Voltammograms  of  a  Candidate  MIL-L-27502 
Oil  in  Acetone  Using  a  GCG  Electrode. 
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by  the  presence  of  pyridazine.  Similar  results  were  obtained  for 
the  MIL-L-7808  oils.  The  reduction  wave  C  (Figure  123)  is  ap¬ 
parent  even  in  the  absence  of  pyridazine  and  increases  when 
pyridazine  is  present. 

These  initial  results  indicate  that  cyclic  voltammetry 
and  RLLAT-RCV  can  be  used  to  monitor  at  least  one  of  the  an¬ 
tioxidant  species  in  this  candidate  MIL-L-27502  oil.  The 
relationships  between  the  RLLAT-RCV  results  and  the  RLL  of  the 
candidate  MIL-L-27502  oil  can  only  be  established  by  studying 
sets  of  fresh  and  stressed  MIL-L-27502  oils. 

d.  Analysis  of  Used  MIL-L-7808  Oils 

To  further  evaluate  the  RLLAT-RCV,  used  MIL-L-7808  oils 
(OP-232-1  through  OP-232-43)  obtained  from  AFWAL/POSL  were  studied 
by  cyclic  voltammetry.  The  cyclic  voltammograms  of  the  OP-232-1 
through  OP-232-43  oil  samples  are  shown  in  Figures  124-128.  The 
cyclic  voltammogram  of  fresh  TEL-4004  MIL-L-7808  oil  is  included 
in  Figure  124  for  reference. 

The  cyclic  voltammograms  in  Figures  124-128  show  that  the 
OP-232-4  through  OP-232-12  oils  are  fresh  or  negligibly  stressed 
oils,  while  the  OP-232-1  and  OP-232-26  through  OP-232-43  have 
undergone  slight  to  moderate  stressing.  The  estimation  of  stress¬ 
ing  is  based  on  the  fact  that  fresh  oils  (TEL-4004  oil  in  Figure 
124)  do  not  produce  the  oxidation  wave  A  (Figures  124-128)  which 
has  been  assigned  to  antioxidant  species  generated  during  the 
early  periods  of  thermal-oxidation. 

The  sizes  and  shapes  of  the  cyclic  voltammograms  in 
Figures  124-128  also  provide  formulation  information.  The  OP-232- 
4  through  OP-232-12  oils  produce  cyclic  voltammograms  of  similar 
size  and  shape  indicating  that  the  antioxidant  systems  of  the  oils 
are  basically  the  same.  The  sizes  and  shapes  of  the  cyclic  vol- 
tammograms  produced  by  the  OP-232-26,  OP-232-29,  and  OP-232-43 
oils  indicate  that  their  original  antioxidant  systems  were  similar 
to  those  of  the  OP-232-4  through  OP-232-12  oils.  The  OP-232-1  oil 
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Figure  125.  Cyclic  (First  Scan)  Voltammograms  of  the  OP-232-7, 
OP-232-8,  and  OP-232-9  MIL-L-7808  Oil  Samples  in 
Acetone  Using  a  GCE  Electrode. 
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Figure  126.  Cyclic  (First  Scon)  Voltammograms  of  the  OP-232-1Q, 
OP-232-11,  and  OP-232-12  MIL-L-7808  Oil  Samples  in 
Acetone  Using  a  GCG  Electrode. 


Figure  127.  Cyclic  (First  Scan)  Voltammograms  of  the  OP-232-26 
and  OP-232-29  MIL-L-7808  Oil  Samples  in  Acetone 
Using  a  OCE  Electrode. 


Figure  128,  Cyclic  (First  Scan)  Voltammograms  of  the  OP-232-33, 
OP-232- 34,  and  OP-232-43  MIL-L-7808  Oil  Samples  in 
Acetone  Using  a  CCE  Electrode. 


contains  an  antioxidant  system  that  is  slightly  different  from  the 
OP-232-4  through  OP-232-29  and  OP-232-43  oils. 

The  sizes  and  shapes  of  the  OP-232-33  and  OP-232-34  oils' 
cyclic  voltammograms  indicate  that  their  antioxidant  systems  are 
similar  and  that  their  antioxidant  systems  are  different  from  the 
OP-232-1  through  OP-232-29  and  OP-232-43  oils. 

Although  the  cyclic  voltammetric  analyses  provide  valu¬ 
able  qualitative  information,  they  are  not  capable  of  quantitative 
percent  RLL  assessments.  Therefore,  the  OP-232-1  through  OP-232- 
43  oils  were  also  analyzed  by  the  RCV  technique.  The  RCV  results, 
reduction  wave  heights  and  corresponding  percent  RLL,  are  listed 
in  Table  14.  The  percent  RLL  assessments  were  made  by  assigning 
the  reduction  wave  height  in  values  of  3.44  and  -.70,  the  percent 
RLL  of  100  and  0%,  respectively.  These  assignments  resulted  in  a 
97%  RLL  assessment  for  fresh  TEL-4004  oil. 

The  RCV  results  in  Table  14  agree  well  with  the  cyclic 
voltammetric  analyses.  The  OP-232-4  through  OP-232-12  oils  have 
over  90%  RLL  (fresh  oils)  while  the  OP-232-26  through  OP-232-43 
oils  have  88-60%  RLL  (stressed  oils).  However,  the  oil  with  the 
highest  RLL,  OP-232-1  oil,  was  shown  by  cyclic  voltammetry  to  be  a 
stressed  oil,  not  a  fresh  oil. 

In  order  to  improve  the  RLL  assessments  of  the  RCV 
analyses,  the  D  values  were  calculated  for  the  OP-232-1  through 
OP-232-43  oils  and  are  also  listed  in  Table  14. 

D(uA)  *  steady  state  reduction  wave  height  -  reduction 
wave  height  of  first  scan 

steady  state  *  average  of  sixth  through  tenth  scans 


TABLE  14 


REDUCTIVE-CYCLIC  YOLTAMMETRIC  RESULTS 
FOR  USED  MIL-L-7808  OILS 

Reduction  %  Remaining 

Wave  Height  (y A)  Lubricant  Life _ D  (yA) 


OP-232-1 

31.0 

99.8 

3.2 

OP-232-4 

24.0 

93.4 

6.0 

OP-232-6 

27.2 

96.6 

6.7 

OP-232-7 

28.0 

97.3 

7.8 

OP-232-8 

28.0 

97.3 

7.2 

OP-232-9 

28.0 

97.3 

8.0 

OP-232-10 

28.5 

97.7 

8.6 

OP-232-11 

28.5 

97.7 

8.2 

OP-232-12 

25.3 

94.8 

6.0 

OP-232-26 

17.4 

85.0 

3.2 

OP-232-29 

19.3 

88.0 

3.2 

OP-232-33 

10.2 

72.3 

2.0 

OP-232-34 

6.3 

60.2 

1.2 

OP- 2 3 2-43 

20.6 

88.1 

3.0 

Fresh  TEL-4004 

28.0 

97.3 

8.4 

The  D  values  in  Table  14  are  between  6.0  and  8.6  for  the 
OP-232-4  through  OP-232-12  oils  indicating  that  they  are  fresh  (D 
value  of  fresh  TEL-4004  =  8.4),  but  are  between  3.2  and  1.2  for 
the  OP-232-1  and  OP-232-26  through  OP-232-43  oils,  indicating  that 
they  are  stressed  oils  (full  agreement  with  cyclic  voltammetric 
results).  Therefore,  by  using  both  the  %  RLL  and  the  correspond¬ 
ing  D  value  of  the  RCV  analysis,  a  more  comprehensive,  accurate 
RLL  assessment  can  be  made  by  the  RLLAT-RCV. 

e.  Analysis  of  Authentic  Used  MIL-L-7808  and  MIL-23699  Oils 

Although  the  used  MIL-L-7808  oil  samples  provided  by 
AFWAL/POSL  were  used  to  demonstrate  the  capability  of  the  RLLAT- 
RCV  to  analyze  used  MIL-L-7808  oils  with  unknown  formulations,  the 
analyses  could  not  be  used  to  evaluate  the  RLL  assessing 
capabilities  of  the  RLLAT-RCV  since  the  histories  of  the  used  MIL- 
L-7808  oil  samples  were  unknown.  Therefore,  to  further  evaluate 
the  RLLAT-RCV,  authentic  used  MIL-L-7808  and  MIL-L-23699  oil 
samples  taken  from  abnormally  operating  engines  were  analyzed. 

The  MIL-L-23699  oils  were  included  in  this  study  to  further 
evaluate  the  formula  independence  of  the  RLLAT-RCV  results.  The 
plots  of  the  An  values  of  the  RCV  wave  heights  versus  hours  since 
oil  change  are  shown  in  Figures  129-131.  The  Fe  concentrations 
(SOAP  determined:  emission  spectrometer)  for  each  series  of  oil 
samples  are  also  listed  in  Figures  129-131  to  indicate  the 
severity  of  wear  occurring  in  the  engine. 

The  plots  in  Figures  129-131  indicate  that  two  main  RLL- 
severity  of  wear  relationships  are  represented  by  the  series  of 
oil  samples.  In  the  first  case,  the  severity  of  wear  increases 
resulting  in  a  rapid  decrease  of  the  oil  sample's  RLL,  e.g. , 
sample  series:  H62,  F51,  and  H99  (Figures  129  and  130).  In  fact, 
the  sharp  decrease  in  the  RLL  is  a  better  indication  of  severe 
wear  than  the  Fe  concentrations  for  the  sample  series  F51  and  F52 
(Figure  129)  taken  from  the  engines  that  failed  before  SOAP 
detection. 
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Figure  131.  Plots  of  the  In  of  the  Reduction  Wave  Height  and  Percent  Remaining  Life  of 
the  Reductive-Cyclic  Voltammetry  Technique  and  the  Fe  Concentration  (ppm) 
Versus  Hours  Since  Oil  Change  for  the  Used  Lubricating  Oil  Samples. 


In  the  second  case,  it  appears  that  the  oil  has  reached 
the  end  of  its  stable  life  several  hours  prior  to  the  occurrence 
of  abnormal  wear,  e.g.,  H97  and  H95  (Figure  131). 

The  plots  in  Figures  129-131  also  indicate  that  oil 
additions  were  being  performed  causing  the  RLL  of  the  oil  samples 
to  increase  or  reach  a  steady  state  value.  Unfortunately,  the 
times  and  amounts  of  the  oil  additions  were  not  recorded  so  that 
the  complete  relationships  between  the  RLL  and  severity  of  wear 
could  not  be  determined.  The  oil  additions  also  complicate  the 
hours  of  RLL  assessments. 

One  interesting  fact  obtained  from  Figures  129-131  is 
that  the  assignment  of  0%  RLL  to  a  RCV  wave  height  of  0.5  pA 
appears  to  be  too  low  for  the  MIL-L-23699  oils.  Samples  H97  and 
H95  (Figure  131)  decreased  to  a  RCV  wave  height  of  1.0  pA  and  then 
remained  constant,  even  though  the  hours  of  use  increased. 
Therefore,  it  appears  that  for  MIL-L-23699  oils,  1.0  pA  value 
-  0.0)  should  be  assigned  0%  RLL.  None  of  the  used  MIL-L-7808 
oils  appeared  to  reach  the  end  of  their  stable  lives  (lowest  value 
9.1  pA:  j£n  value  ■  2.20)  so  that  an  evaluation  of  the  0%  RLL 
assignment  of  0.5  p A  for  the  MIL-L-7808  oils  could  not  be  made. 

Except  for  the  slightly  higher  0%  RLL,  the  RCV  results  do 
not  appear  to  be  affected  by  the  formula  differences  between  the 
MIL-L-7808  and  MIL-L-23699  oils.  In  fact,  the  higher  0%  RLL  may 
be  a  result  of  operating  condition  differences  (bulk  oil  tempera¬ 
ture,  aeration  rates,  etc. )  between  the  J79  and  F-100  engines 
(MIL-L-7808  oil)  and  the  T56  engine  (MIL-L-23699  oil)  rather  than 
oil  formulation  differences. 

f.  Effect  of  Oil  Addition 

The  RLLAT-RCV  versus  hours  since  oil  changes  plots 
(Figures  129-131)  for  the  used  MIL-L-7808  and  MIL-L-23699  oil 
samples  indicate  that  oil  additions  caused  the  RLL  life  of  the  oil 
samples  to  increase  or  reach  a  steady  state  value.  Unfortunately, 
the  times  and  amounts  of  the  oil  additions  were  not  recorded  so 


that  the  effects  of  the  oil  additions  on  the  RLL  assessments  of 
the  RLLAT-RCV  could  not  be  determined. 

Therefore^  an  oil  addition  study  using  Federal  Test 
Method  Standard  791  Method  5307.1  was  performed.  Samples  of  TEL- 
4004  MIL-L-7808  oil  were  stressed  at  347*F  and  diluted  with  TEL- 
4001,  TEL-4003,  and  TEL-4004  MIL-L-7808  oils  at  regular  intervals. 
The  RLLAT-RCV  analyses  of  the  diluted  TEL-4004  oil  samples  were 
then  plotted  versus  stressing  time  at  347 °F  to  determine  the 
effects  of  oil  dilution  and  formulation  mixing  on  the  RLL  assess¬ 
ments  of  the  RLLAT-RCV  (Appendix  B). 

Four  different  TEL-4004  oil  samples  stressed  at  347°F 
wepe  sampled  and  diluted  at  regular  intervals.  Two  of  the  TEL- 
4004  oil  samples,  DIL-1  and  DIL-2,  were  diluted  with  fresh  TEL- 
4004  oil  (20  ml)  at  differing  intervals,  48  and  192  hours, 
respectively,  to  simulate  jet  engines  undergoing  rapid  and  slow 
oil  losses,  respectively.  The  other  two  TEL-4004  oil  samples, 
DIL-3  and  DIL-4,  were  diluted  with  fresh  TEL-4001  and  TEL-4003 
oils,  respectively,  at  48  hour  intervals  to  determine  the  effects 
of  formulation  mixing  on  the  RLLAT-RCV  results.  The  plots  of  the 
RLLAT-RCV  analysis  versus  stressing  time  at  347°F  for  the  DIL-1 
through  DIL-4  oil  samples  are  shown  in  Figures  132-135, 
respectively.  The  COBRA  reading  versus  stressing  time  at  347°F 
plots  for  the  DIL-1  through  DIL-4  oil  samples  are  included  in 
Figures  132-135  to  estimate  the  oxidative  degradation  of  the 
stressed  oil  samples. 

As  seen  in  Figures  132,  134,  and  135,  the  oil  additions 
of  fresh  TEL-4004,  TEL-4001  and  TEL-4003  oils  cause  the  RLLAT-RCV 
analyses  of  the  DIL-1,  DIL-3,  and  DIL-4  oil  samples,  respectively, 
to  obtain  steady  state  values  after  the  third  or  fourth  additions 
of  fresh  oil.  However,  the  steady  state  value  attained  by  each 
sample  is  affected  by  the  formulation  of  the  oil  being  added.  The 
TEL-4003  oil  has  the  longest  stable  life  (320  hrs  at  370°F)  and 
produces  the  highest  steady  state  value  of  12.5  pA,  while  TEL-400.1 
oil  has  the  shortest  stable  life  (105  hrs  at  370°F)  and  produces 
the  lowest  steady  state  value  of  5  uA.  The  TEL-4004  oil  has  a 
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Figure  133.  Plots  of  the  KCV  Wave  Height  and  COBRA  Reading  Versus 
Stressing  Time  (347°F)  for  the  DIL-2  Oil  Samples. 
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Figure  134.  Plots  of  the  RCV  Wave  Height  and  COBRA.  Reading  Versus  Stressing  Time  (347°F) 
for  the  DIL— 3  Oil  Samples. 
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V  Wave  Height  and  COBRA  Reading  Versus  Stressing  Time  (347°F) 
11  Samples . 


3table  life  of  205  hrs  at  370°F  and  produces  a  steady  state  value 

of  10  pA. 

The  plots  of  the  RLLAT-RCV  results  in  Figures  132,  134 
and  135  also  show  that  the  effect  of  the  oil  addition  increases 
with  stressing  time.  In  fact,  the  first  oil  addition  performed  at 
46  hours  of  stressing  had  no  effect  on  the  RLLAT-RCV  results. 

After  the  first  addition,  the  successive  oil  additions  of  the  MIL¬ 
L-7808  oils  produced  fairly  constant  increases  in  the  RCV  results. 
The  TEL-4003,  TEL-4004,  and  TEL-4001  oils  produced  increases  of 
5.5,  4.5,  and  2.0  pA,  respectively,  in  the  RLLAT-RCV  results;  in 
full  agreement  with  their  respective  stable  lives  periods  (370°F) 
of  320,  205,  and  105  hours.  «.* 

The  plots  of  the  RLLAT-RCV  results  for  the  DIL-1  and  DIL- 
2  oil  samples  shown  in  Figures  132  and  133,  indicate  that  the 
effect  of  the  oil  addition  on  the  RCV  results  may  also  be  depend¬ 
ent  on  the  time  intervals  at  which  the  oil  additions  are  made. 

For  the  oil  addition  intervals  of  48  and  192  hours,  the  addition 
of  TEL-4004  oil  produced  increases  of  4.5  and  7.5  pA,  respectively 
in  the  RLLAT-RCV  results  of  the  DIL-1  and  DIL-2  oil  samples. 

Since  the  RCV  results  decrease  to  a  steady  state  value 
for  the  DIL-1,  DIL-3,  and  DIL-4  oil  samples,  the  increase  in  the 
RLLAT-RCV  results  caused  by  the  oil  additions  mu3t  be  equal  to  the 
decrease  in  the  RLLAT-RCV  results  caused  by  the  stressing  between 
successive  oil  additions.  Therefore,  if  the  operating  conditions 
of  the  jet  engine  change,  causing  an  increase  in  the  severity  of 
the  stressing  conditions  (temperature,  air  flow  rate,  etc.)  of  the 
lubricating  oil,  the  decrease  between  successive  oil  additions 
will  accelerate  and  a  change  in  the  steady  state  value  of  the 
RLLAT-RCV  results  will  occur. 


To  simulate  a  jet  engine  in  which  the  stressing  condi¬ 
tions  of  the  lubricating  oil  are  becoming  more  severer  the 
stressing  temperatures  of  the  DIL-l  through  DIL-4  oils  were  in¬ 
creased  after  335  hours  from  347  to  370*F.  The  Jtn  values  of  the 
RLLAT-RCV  results  of  the  DIL-1  through  DIL-4  oils  from  193  hours 
of  stressing  (347*?)  to  400  hours  of  stressing  (370*F)  were 
plotted  versus  stressing  time  as  shown  in  Figure  136. 

The  plots  in  Figure  136  show  that  the  p  of  the  RLLAT-RCV 
results  of  the  DIL-1  through  DIL-4  oils  decrease  at  fairly  con¬ 
stant  rates  between  successive  oil  additions,  and  that*  increasing 
the  temperature  from  347  to  370*F  dramatically  increases  the  rates 
at  which  the  in  of  the  RCV  results  decrease.  The  rates  at  which 
the  in  of  the  RCV  results  decrease  betwoen  successive  oil  addi¬ 
tions  is  approximately  doubled  by  the  347*  to  370°F  temperature 
Increase. 

g.  Summary  of  RLLAT  Based  on  RCV 

The  initial  investigation  showed  that  the  RLL  assessment 
capabilities  of  the  RLLAT-RCV  were  independent  of  temperature  and 
that  the  RLLAT-RCV  has  potential  for  RLL  assessments  of  lubricat¬ 
ing  oils  other  than  MIL-L-7808  oils,  e.g.  MIL-L-23699  and  MIL-L- 
27502  lubricating  oils. 

For  jet  engines  which  require  infrequent  oil  additions, 
the  RLLAT-RCV  results  can  be  used  to  assess  the  percent  RLL  of 
individual  used  oil  samples  and  the  rate  at  which  the  RCV  results 
decrease  with  operating  time  can  be  used  to  predict  the  hours  of 
RLL  for  the  jet  engine  under  normal  operating  conditions.  When 
the  jet  engine's  operating  conditions  become  abnormal,  the  rates 
at  which  the  RLLAT-RCV  results  decrease  versus  hours  since  oil 
change  accelerate,  enabling  the  detection  of  the  abnormal  operat¬ 
ing  conditions. 

For  jet  engines  which  require  frequent  oil  additions,  the 
RLLAT-RCV  results  can  be  used  to  assess  the  percent  RLL  of  in¬ 
dividual  used  oil  samples,  but  because  frequent  oil  additions 
maintain  the  RLL  of  the  used  lubricating  oil  at  an  acceptable 
level,  the  hours  of  RLL  predictions  are  meaningless.  However, 


when  the  jet  engine's  operating  conditions  become  abnormal*  the 
rates  at  which  the  RLLAT-RCV  results  decrease  between  oil  addi¬ 
tions  accelerate*  enabling  the  detection  of  abnormal  operating 
conditions. 
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SECTION  III 

CONCLUSIONS  AND  RECOMMENDATIONS 


During  Task  1  of  this  investigation,  numerous  analytical 
techniques  with  potential  for  development  into  a  RLLAT  were 
identified  (Table  2)  and  evaluated  for  use  by  the  Air  Force.  Of 
the  analytical  techniques  identified  in  Task  1,  only  the  voltam- 
metric,  differential  scanning  calorimetric,  and  colorimetric 
techniques  were  capable  of  assessing  the  RLL  of  MIL-L-7808  oils. 
The  modified  Ford  method  was  also  capable  of  assessing  RLL  of 
MIL-L-7808  oils,  but  the  use  of  the  unstable  free  radical  in¬ 
itiator  solution  and  the  length  of  the  analysis  time  (>15  minutes 
for  fresh  MIL-L-7808  oils)  made  the  modified  Ford  method  un¬ 
suitable  for  use  by  the  Air  Force.  The  remaining  analytical 
techniques  listed  in  Table  2  had  limited  RLL  assessing 
capabilities.  Consequently,  RLLAT  candidates  were  developed  from 
the  voltammetric,  differential  scanning  calorimetric,  and 
colorimetric  techniques  in  Task  2. 

In  Task  2,  two  voltammetric  techniques,  CV  and  RCV,  were 
developed  into  RLLAT  candidates  and  then  evaluated  using  the 
criteria  in  Table  1.  It  was  shown  that  the  results  of  the  CV 
technique  could  be  used  to  identify  the  type  of  ant ioxidant( s ) 
present  in  a  fresh  MIL-L-7808  oil  and  to  estimate  the  oxidative 
degradation  of  a  MIL-L-7808  oil.  However,  the  CV  technique  could 
not  be  used  to  assess  the  RLL  of  MIL-L-7808  oils  containing 
phenothiaz ine  or  other  sulfur  containing  antioxidants.  In  con¬ 
trast  to  the  CV  technique,  the  RLL  assessments  of  the  RCV 
technique  were  accurate  (linear  relationship  between  RCV  results 
and  RLL  assessments)  and  formula  independent.  A  microcomputer- 
based  data  acquisition  system  was  incorporated  into  the  RCV  to 
produce  a  RLLAT  candidate  that  had  potential  for  base-level 
operation  and  RLL  assessments. 

Two  differential  scanning  calorimetric  techniques,  HP-DSC 
and  SP-DSC,  were  also  developed  into  RLLAT  candidates  and  then 
evaluated  (criteria  in  Table  1)  in  Task  2.  It  was  determined 
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that  the  formula  dependence  of  the  HP-DSC  technique's  RLL  assess¬ 
ments  was  affected  by  the  method  used  to  interpret  the  HP-DSC 
results.  The  onset  of  reaction  time  resulted  in  the  most  ac¬ 
curate  and  the  least  formula  dependent  RLL  assessments  for  the 
HP-DSC  technique.  The  SP-DSC  technique,  which  eliminated  the 
high  pressure  requirements  of  the  HP-DSC  technique,  also  produced 
formula  independent  RLL  assessments.  However,  inflection  points 
in  the  SP-DSC  result  versus  RLL  plots  of  the  different  MIL-L-7808 
oils  reduced  the  accuracy  of  the  SP-DSC  RLL  assessments.  The 
development  of  the  HP-DSC  and  SP-DSC  techniques  into  RLLAT  can¬ 
didates  was  limited  by  the  techniques'  high  instrumental  and 
operational  costs  (Table  13). 

The  last  analytical  technique  to  be  developed  into  a  RLLAT 
candidate  and  then  evaluated  (criteria  in  Table  1)  in  Task  2  was 
the  colorimetric  technique.  The  colorimetric  technique  produced 
formula  independent  RLL  assessments,  but  the  accuracy  of  the  RLL 
assessments  was  reduced  by  the  inflection  points  in  the 
colorimetric  result  versus  RLL  plots  of  the  different  MIL-L-7808 
oils.  Also,  the  fresh  MIL-L-7808  oils  did  not  produce  induction 
times  for  the  colorimetric  technique  making  the  interpretation  of 
the  results  difficult.  The  development  of  the  colorimetric 
technique  into  a  RLLAT  candidate  was  limited  by  the  difficult 
interpretation  of  the  results  and  by  the  toxicity  of  the  cumene 
hydroperoxide  used  by  the  technique. 

The  results  of  Task  2  showed  that  the  RLLAT  candidate  based 
on  the  RCV  technique  was  the  least  expensive,  most  rapid,  and 
easiest  to  operate  RLLAT  candidate  and  that  the  RCV  technique 
produced  the  most  accurate  RLL  assessments  (Table  13). 

Therefore,  a  RLLAT  based  on  the  RCV  technique  was  developed  in 
Task  3. 

The  results  in  Task  3  showed  that  the  RLLAT-RCV  could  be 
used  to  assess  the  RLL  of  MIL-L-7808  oils  stressed  at  different 
temperatures,  of  different  type  lubricating  oils,  and  of  authen¬ 
tic  used  MIL-L-7808  and  MIL-L-23699  oil  samples.  The  results  of 


Task  3  also  showed  that  the  RLLAT-RCV  was  able  to  detect  engines 
experiencing  severe  wear. 

Therefore,  a  RLLAT  based  on  the  RCV  technique  has  been 
developed  which  is  capable  of  accurately  assessing  the  RLL  of 
MIL-L-7808  oils  and  has  potential  for  use  by  the  Air  Force.  The 
initial  results  of  this  investigation  indicate  that  the  RLLAT-RCV 
could  be  used  to  eliminate  the  need  for  scheduled  oil  changes  and 
to  improve  the  capability  of  the  Air  Force’s  Spectrometric  Oil 
Analysis  Program  to  detect  engines  experiencing  severe  wear. 

Thus,  the  RLLAT-RCV  has  the  potential  of  providing  the  Air  Force 
with  increased  fleet  reliability  in  addition  to  savings  in 
material  and  labor  costs.. 

Due  to  the  successful  development  of  the  RLLAT-RCV  and  the 
potential  benefits  to  the  Air  Force,  it  is  recommended  that 
prototypes  of  the  RLLAT-RCV  be  produced.  The  prototypes  should 
then  be  field  tested  to  evaluate  their  ability  to  eliminate 
scheduled  oil  changes  and  to  detect  engines  experiencing  severe 
wear.  In  order  that  the  full  potential  of  the  RLLAT-RCV  be 
attained,  the  RLL  assessment  capabilities  of  the  prototype  need 
to  be  evaluated  for  different  types  of  lubricating  oils,  e.g. , 
MIL-L-7808  and  MIL-L-23699  oils. 
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APPENDIX  A  -  PREPARATION  AND  CHARACTERIZATION  OF  STRESSED 

MIL-L-7808  OIL  SAMPLES 

A. 1  Introducton 

To  develop  the  RLLAT  candidates ,  sets  of  stressed  oil 
samples  were  prepared  from  the  TEL-4001  through  TEL-4006,  TEL- 
5001,  and  TEL-5002  MIL-I  -7808  lubricating  oils  using  Federal  Test 
Method  Standard  791  Method  5307.1  at  stressing  temperatures  of 
370 °F  and  392#F.  The  stressed  oil  samples  were  thoroughly 
characterized  by  viscosity  (40°C),  total  acid  number  (TAN),  COBRA 
measurement,  and  magnesium  (Mg)  concentration.  The  antioxidants 
in  the  stressed  oil  samples  were  identified  and  quantified  by  gas 
chromatography  using  a  thermionic  specific  ( nitrogen-phosphorouB 
sensitive)  detector. 

The  physical  properties  and  antioxidant  concentrations  of 
the  TEL-4001  through  TEL-4006,  TEL-5001,  and  TEL-5002  MIL-L-7808 
oils  were  then  plotted  versus  stressing  time  at  370°F  and  392°F. 
The  plots  were  used  to  determine  the  stable  lives  of  the  TEL-4001 
through  TEL-4006,  TEL-5001,  and  TEL-5002  oils  and  to  determine 
the  relationships  that  exist  among  the  physical  properties, 
antioxidant  concentrations,  and  the  RLL  of  the  MIL-L-7808  oils. 

A. 2  Physical  Properties  of  the  TEL-4001  through  TEL-4006 

MIL-L-7808  Oils  Stressed  at  T70°Y 

The  plots  of  the  COBRA  reading,  viscosity  (40°C),  TAN,  and 
Mg  concentration  versus  stressing  time  are  shown  in  Figures  A-l- 
A-6  for  the  TEL-4001  through  TEL-4006  MIL-L-7808  lubricating 
oils,  respectively. 

As  seen  in  Figures  A-l-A-6,  during  the  early  hours  of 
thermal-oxidative  stressing  the  values  of  the  physical  properties 
increase  at  a  moderate  rate.  After  the  initial  rise,  the  values 
of  the  physical  properties  increase  at  a  much  slower,  steady  rate 
up  to  the  time  of  the  dramatic  rate  increase  that  occurs  at  the 
end  of  the  oil's  stable  life. 

To  determine  the  stressing  time  at  which  the  breakpoint 
occurs  (oil's  stable  life  ends),  the  flat  portions  of  the  physi¬ 
cal  property  plots  were  extrapolated  to  a  stressing  time  past  the 
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Plots  of  the  COBRA  Reading,  Viscosity  (40“C) ,  Total  Acid  Number  (IAN) ,  and  Mj 
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Figure  A-6.  Plots  of  the  COBRA  Reading,  Viscosity  (40°C) ,  Total  Acid  Number  (TAN),  and  Mg 
Concentration  Versus  Stressing  Time  at  370°F  for  the  TEL— 4006  MU— L—7808  Oil. 


dramatic  rate  increase  as  shown  in  Figure  A-l.  The  stressing 
tilme  at  which  the  physical  property  plot  diverges  from  the  ex- 

i 

trapolated  plot  is  defined  as  the  breakpoint  of  the  physical 
property  plot.  The  stable  lives  of  the  TEL-4001  through  TEL-4006 
MIL-L-7808  oils  as  defined  by  the  breakpoints  of  the  viscosity 
(40*0,  TAN f  COBRA  reading#  and  Mg  concentration  versus  stressing 
time  plots  in  Figures  A-l-A-6  are  listed  in  Table  A-l. 

Except  for  the  TEL-4003  oil#  the  viscosity  (40°C)  and  TAN 
versus  stressing  time  plots  (Figures  A-l-A-6)  for  the  TEL-4001 
through  TEL-4006  MIL-L-7808  oils  contain  breakpoints  which  are 
well-defined  and  are  in  good  agreement  (Table  A-l). 

For  the  TEL-4003  oil,  the  viscosity  (40°C)  and  TAN  versus 
stressing  time  plots  (Figure  A-3)  do  not  contain  dramatic  rate 
increases.  In  fact,  the  viscosity  (40°C)  and  TAN  plots  each 
contain  a  rate  decrease  at  approximately  240  hours. 

Except  for  the  TEL-4003  and  TEL-4006  oils,  the  Mg  concentra¬ 
tion  versus  stressing  time  plots  (Figures  A-l-A-6)  indicate  that 
corrosion  of  the  Mg  specimen  occurs  soon  after  the  dramatic  rate 
increases  in  the  viscosity  (40®C)  and  TAN  plots.  For  the  TEL- 
4006  oil,  Mg  corrosion  is  significant  80  hours  prior  to  the 
breakpoints  of  the  viscosity  (40®C)  and  TAN  plots.  For  the  TEL- 
4003  oil,  Mg  corrosion  is  significant  after  170  hours  of  thermal 
oxidative  stressing;  rate  decreases  of  viscosity  (40°C)  and  TAN 
plots  occurred  at  240  hours. 

Of  the  physical  properties  plotted,  the  COBRA  plots  are  the 
least  informative  in  determining  stable  lives  (Figures  A-l-A-6). 
The  COBRA  measurements  for  the  TEL-4001,  TEL-4003,  and  TEL-4006 
oils  went  off  scale  (>200)  before  the  oils'  stable  lives  ended, 
while  the  COBRA  measurements  for  the  TEL-4002  and  TEL-4004  oils 
did  not  increase  dramatically  until  24-48  hours  after  their 
stable  lives  had  ended.  The  COBRA  measurements  for  the  TEL-4005 
oil  remained  fairly  constant  24  hours  after  its  stable  life  had 
ended,  even  though  the  TAN  had  increased  dramatically 
(Figure  A-5). 


TABLE  A-l 

BREAKPOINTS  OP  PHYSICAL  PROPERTY  VERSUS  STRESSING  TIME 

PLOTS  FOR  370*F 

Breakpoints  (Hours) 

Mg 


MIL-L-7808  Oil 

Viscosity  (40*C ) 

TAN 

COBRA 

Concentrati 

TEL-4001 

105 

105 

oa 

105 

TEL-4002 

170 

180 

210 

210 

TEL-4003 

240 

240 

>270b 

140 

TEL-4004 

205 

205 

230 

230 

TEL-4005 

155 

165 

>195b 

170 

TEL-4006 

315 

325 

>305b 

240 

TEL-5001 

240 

>140b 

240 

350 

TEL-5002 

110 

>250b 

oa 

50 

aNo  stable  life. 

Went  off  scale  prior  to  breakpoint. 
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A.  3 


Physical  Properties  of  the  TEL-4001  through  TEL-4 006  MIL- 
7808  Oils  Stressed  at  392°F  . 

In  order  that  the  effects  of  temperature  on  the  results  of 
the  RLLAT  candidates  could  be  studied  and  because  the  physical 
property  versus  stressing  time  at  370°F  plots  did  not  produce  a 
well-defined  stable  life  for  the  TEL-4003  oil#  the  TEL-4001 
through  TEL-4006  MIL-L-7808  oils  were  stressed  at  392°P.  The 
plots  of  the  COBRA  reading#  viscosity#  TAN#  and  Mg  concentration 
versus  stressing  time  at  392eF  are  shown  in  Figures  A-7-A-12  for 
the  TEL-4001  through  TEL-4006  oils#  respectively. 

Except  for  the  TEL-4003  oil,  the  viscosity  and  TAN  versus 
stressing  time  at  392°F  plots  for  the  TEL-4001  through  TEL-4006 
MIL-L-7808  lubricating  oils  exhibit  breakpoints  which  are  well 
defined  and  are  in  good  agreememt  (Table  A-2).  Although  the 
stable  life  of  the  TEL-4003  oil  ends  at  130-140  hours#  the 
dramatic  rate  increase  is  suppressed  due  to  Mg  corrosion  until 
180-190  hours  (Figure  A-9). 

As  was  the  case  for  the  oils  stressed  at  370°F,  the  COBRA 
measurements  for  the  TEL-4001,  TEL-4003#  and  TEL-4006  oils  went 
off  scale  (>200)  before  their  respective  stable  lives  ended, 
while  the  COBRA  measurements  for  the  TEL-4002  and  TEL-4004  oils 
did  not  increase  dramatically  until  their  stable  lives  had  ended. 
The  COBRA  measurements  for  the  TEL-4005  oil  remained  fairly 
constant  24  hours  after  its  stable  life  had  ended,  even  though 
the  TAN  had  increased  dramatically. 

The  results  for  the  COBRA,  viscosity#  and  TAN  measurements 
are  similar  to  those  reported  for  the  370°F  stressed  samples 
except  that  the  stable  lives  are  approximately  half  as  long  at 
3920F  as  they  are  at  370°F.  The  50  percent  decrease  in  stable 
life  was  expected  since  the  rate  of  reaction  approximately 
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doubles  when  the  stressing  time  is  increased  by  10°C  (18°F). 
These  results  imply  that  the  thermal-oxidation  mechanisms  of  the 
MIL-L-7808  oils  are  not  affected  by  the  temperature  increase. 

However,  it  appears  that  the  reactions  of  the  degradation 
products  are  affected  by  the  increase  in  temperature.  Deposits 


Plots  of  the  COBRA  Reading,  Viscosity  (40°C) ,  Total  Acid  Number  (TAN),  and  Mg  Concentration 
versus  Stressing  Time  at  392°F  for  the  TEL-4001  MIL-L-7808  Oil. 
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Figure  A-9.  Plots  of  the  COBRA  Reading,  Viscosity  (40°C),  Total  Acid  Number  (TAN),  and  Mg 
versus  Stressing  Time  at  392°F  for  the  IEL-4003  MIL-L-7808  Oil. 


SUre  A  10*  plots  of  the  COBRA  Reading,  Viscosity  (40°C) „  Total  Acid  Number  (TAN),  and  Mg  Concentration 
versus  Stressing  Time  at  392°F  for  the  TEL-4004  MIL-L-7808  Oil. 
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Figure  A— 11.  Plots  of  the  COBRA.  Reading,  Viscosity  (40°C),  Total  Acid  Number  (TAN),  and  Mg  Concentration 


Figure  A-12.  Plots  of  the  COBRA  Reading,  Viscosity  (40°C) ,  Total  Acid  Number  (TAN),  and  Mg  Concentration 
versus  Stressing  Time  at  392°F  for  the  TEL-4006  MIL-L-7808  Oil. 


TABLE  A- 2 


BREAKPOINTS  OP  PHYSICAL  PROPERTY  VERSUS  STRESSING  TIME 

PLOTS  FOR  392*P 

Breakpoints  (Hours) 

Mg 


MIL-L-7808  Oil 

Viscosity 

(40 “C )  TAN 

COB'-’ A 

OiM.ce 

TEL-4001 

60 

65 

oa 

65 

TEL-4002 

90 

90 

125 

140 

TEL-4003 

140 

130 

>200b 

135 

TEL-4004 

85 

80 

110 

110 

TEL-4005 

75 

80 

125 

90 

^EL-4006 

150 

160 

60 

70 

aNo  stable  life. 

bWent  off  scale  prior  to  breakpoint 


were  observed  on  the  inside  of  the  TEL-4001  oil's  reaction  tube 
during  the  first  24  hours  of  stressing  at  392°F,  but  not  at 
370°F.  The  deposition  ended  after  24  hours  and  did  not  reoccur 
for  the  rest  of  the  test.  Although  the  Mg  corrosion  characteris¬ 
tics  of  the  TEL-4001  through  TEL-4005  oils  were  similar  at  370° 
and  392°F  (Mg  corrosion  began  after  the  stable  lives  for  the  TEL- 
4001  through  TEL-4005  oils  had  ended)  the  Mg  corrosion  for  the 
TEL-4006  oil  initiated  after  only  50  hours  (stable  life  =  150-160 
hours)  at  392°F,  while  Mg  corrosion  initiated  just  prior  to  the 
end  of  the  oil's  stable  life  at  370°F. 

The  results  of  the  392°F  stressing  temperature  study  indi¬ 
cate  that  basing  the  stable  life  determination  of  the  TEL-4003 
oil  on  the  small  inflections  in  the  oil's  viscosity  and  TAN  plots 
(Figure  A-3)  was  correct.  The  stable  life  of  130-140  hours 
determined  for  the  TEL-4003  oil  at  392°F  is  approximately  half 
the  240  hours  stable  life  determined  for  the  TEL-4003  oil  at 
370°F  using  the  small  inflections  in  the  viscosity  and  TAN  plots 
(Figure  A-3).  Also,  the  Mg  corrosion  that  suppressed  the 
dramatic  rate  increase  of  the  TEL-4003  oil's  392#F  plots 
(Figure  A-9 )  is  also  present  at  370°F  (Figure  A-3),  and  is 
thought  responsible  for  the  absence  of  the  dramatic  rate  increase 
at  the  end  of  the  TEL-4003  oil's  stable  life  at  370°F. 

A . 4  Physical  Properties  of  the  TEL-5001  and  TEL-5002  MIL-7808 

Oils  Stressed  at  370°F 

The  plots  of  the  COBRA  reading,  viscosity  (40°C),  TAN,  and 
Mg  concentration  versus  stressing  time  are  shown  in  Figures  A-13- 
A-14  for  the  TEL-5001  and  TEL-5002  oils,  respectively. 

The  plots  of  the  viscosity  versus  stressing  time  at  370°F 
for  the  TEL-5001  and  TEL-5002  MIL-L-7808  lubricating  oils 
(Figures  A-13  and  A-14)  exhibit  breakpoints  at  approximately  240 
and  110  hours,  respectively.  However,  the  COBRA  measurements  for 
the  TEL-5002  oil  go  off  scale  (>200)  before  30  hours  of  stressing 
at  370°F,  while  the  COBRA  measurements  of  the  TEL-5001  oil  ex¬ 
hibit  a  breakpoint  similar  to  that  of  the  viscosity  plot. 


COBRA 


Stressing  Time  (Hours) 

Plots  of  the  COBRA  Reading,  Viscosity  (40°C) ,  Total  Acid  Number  (TAN) ,  and  Mg  Concentration 
versus  Stressing  Time  at  370°F  for  the  TEL— 5001  MEL-L— 7808  Oil. 
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Figure  A— 14.  Plots  of  the  COBRA  Reading,  Viscosity  (40oC),  Total  Acid  Number  (TAN),  and  Mg  Concentration 
versus  Stressing  Time  at  370°F  for  the  TEL— 5002  MIL— L— 7808  Oil. 


In  contrast  to  the  TAN  plots  of  the  TEL-4001  through  TEL- 
4006  MIL-L-7808  oils  stressed  at  370°F,  the  TAN  plots  of  the  TEL- 
5001  and  TEL-5002  oils  do  not  exhibit  well-defined  breakpoints. 
The  TAN  plot  of  the  TEL-5001  oil  exhibits  a  slight  rate  increase 
at  approximately  150  hours  of  stressing,  but  the  rate  of  TAN 
increase  remains  slow  throughout  the  remaining  stressing  time  up 
to  400  hours.  The  slow  increase  in  the  TAN  of  the  TEL-5001  oil 
versus  stressing  time  is  not  due  to  suppression  by  Mg  corrosion 
since  the  Mg  concentration  is  only  60  ppm  after  400  hours  of 
stressing  (viscosity  plot  breakpoint  -  240  hours). 

However,  the  absence  of  a  breakpoint  in  the  TAN  plot  of  the 
TEL-5002  oil  may  be  due  to  suppression  by  Mg  corrosion,  since  Mg 
corrosion  begins  at  50  hours  and  the  Mg  concentration  is  ap¬ 
proximately  100  ppm  after  125  hours  of  stressing  (viscosity  plot 
breakpoint  ■  110  hours). 

A. 5  Identification  of  the  Antioxidants  Used  in  the  MIL-L-7808 

Lubricating  Oils 

The  fresh  and  stressed  lubricating  oil  samples  of  each  MIL- 
L-7808  oil,  TEL-4001  through  TEL-4006,  were  analyzed  by  the  gas 
chromatographic  procedure  employing  the  thermionic  specific 
detector  which  is  only  responsive  to  nitrogen  and  phosphorus 
containing  compounds.  An  internal  standard  (INT  STAN  in 
Figure  A-15)  was  used  to  determine  the  concentration  of  the  known 
antioxidants. 

The  MIL-L-7808  lubricating  oils  can  be  separated  into  three 
main  groups  (a)  TEL-4002  through  TEL-4005,  (b)  TEL-4001,  TEL- 
4006,  and  TEL-5002,  and  (c)  TEL-5001.  The  TEL-4002  through  TEL- 
4005  oils  contain  differing  amounts  of  PANA  and  DODPA.  Examples 
of  the  chromatograms  produced  by  the  fresh  and  stressed  TEL-4002 
through  TEL-4005  oils  are  shown  in  Figure  A-15. 

The  chromatograms  of  the  TEL-4002  through  TEL-4005  oils 
contain  peaks  assigned  to  PANA  and  DODPA  and  also  one  large  broad 
peak  around  8  minutes  (Figure  A-15)  which  is  assumed  to  be 
tricresyl  phosphate  (P  containing).  The  other  interesting 
feature  displayed  by  the  chromatograms  of  the  TEL-4002  through 
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TEL-4005  oils  is  that  peaks  with  retention  times  of  12  and  18 
minutes  (Figure  A-15)  are  present  in  the  stressed  oil  samples  but 
not  in  the  fresh  oil.  The  peak  at  18  minutes  is  at  a  maximum  in 
the  early  stages  of  oxidation  (16  hours  at  370°F)  and  then 
decreases  with  stressing  time.  In  contrast,  the  peak  at  12 
minutes  increases  with  stressing  time.  Therefore,  a  peaks  are 
assigned  to  oxidation  products  of  PANA  and  DODPA.  '  he  peak  at  18 
minutes  appears  to  have  antioxidant  capacity  (decreases  with 
stressing  time),  while  the  12  minute  peak  does  not  appear  to  have 
antioxidant  capacity  (increases  with  stressing  time). 

In  the  second  class  of  MIL-L-7808  oils,  TEL-4001,  TEL-4006, 
and  TEL-5002,  the  principal  antioxidants  are  identified  as  octyl- 
PANA  and  DODPA  (Figures  A-16-A-18).  Unlike  the  first  class  of 
oils,  the  TEL-4001  and  TEL-4006  oils  also  appear  to  contain  other 
nitrogen  (or  phosphorus)  containing  compounds  (Figures  A-16  and 
A-l 7 )  while  the  TEL-5002  oil  appears  to  contain  only  octyl-PANA 
and  DODPA  (Figure  A-18).  Also,  the  TEL-4001  and  TEL-5002  oils 
appear  to  contain  tricresyl  phosphate  (strong,  broad  peak  at 
around  8  minutes  in  Figures  A-16  and  A-18),  but  the  TEL-4006  oil 
does  not  contain  any  strong,  broad  peaks  (Figure  A-17). 

The  fresh  TEL-4001  oil’s  chromatogram  (Figure  A-16)  contains 
a  very  strong,  broad  peak  that  elutes  at  a  retention  time  of  1.6 
minutes  just  after  the  internal  standard.  The  peak  at  1.6 
minutes  decreases  with  stressing  time  and  is  no  longer  detectable 
at  137  hours  (Figure  A-16).  The  TEL-4006  oil’s  chromatograms 
(Figure  A-18)  contain  three  sharp  peaks  at  2.6,  5.0,  and  8.1 
minutes  which  decrease  with  stressing  time.  Since  the  unknown 
peaks  in  the  TEL-4001  and  TEL-4006  oils  decrease  with  stressing 
time,  they  are  speculated  to  have  antioxidant  capacities.  The 
TEL-4001,  TEL-4006,  and  TEL-5002  oils  did  not  produce  the  new 
species  seen  in  the  chromatograms  of  the  TEL-4002  through  TEL- 
4005  oils  (Figure  A-15). 

The  third  class  of  MIL-L-7808  oils  consists  of  the  TEL-5001 
oil.  The  gas  chromatogram  of  the  fresh  TEL-5001  oil  in 
Figure  A-19  contains  peaks  assigned  to  DODPA  (10.3  minutes)  and 
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Figure  A-16.  Gas  Chromatograms  of  the  Fresh  and  Stressed  (19-137  Hours  at  370°F) 
TEL-4001  MIL-L-7808  Oils. 
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Figure  A-17.  Gas  Chromatograms  of  the  Fresh  and  Stressed  (19-354  Hours  at  370°F) 
TEL-4006  MIL-L-7808  Oils. 
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Figure  A-19.  Gas  Chrouatogram  of  the  Fresh  TEL-5001 


phenothiazine  (3.2  minutes).  In  contrast  to  the  TEL-4001  through 
TEL-4006  and  TEL-5002  oils,  the  TEL-5001  oil  does  not  contain 
PANA  or  octyl-PANA.  The  compound  at  3.2  minutes  was  identified 
as  phenothiaz ine  by  adding  phenothiazine  to  the  fresh  TEL-5001 
oil  and  observing  that  the  size  of  the  peak  at  3. 2  minutes  in¬ 
creased  in  size  without  the  formation  of  a  new  peak.  Therefore, 
the  retention  times  of  phenothiazine  and  the  unknown  compound  are 
identical.  Although  the  matching  of  gas  chromatographic  retention 
times  can  not  be  used  for  absolute  identification  of  an  unknown 
compound,  the  identification  by  gas  chromatography  was  adequate 
for  this  investigation. 

A. 6  Antioxidant  Concentration  versus  Stressing  Time  at  370°F 

Plots  for  the  TEL-4002  through  TEL-4005  MIL-L-7808  Oils 

The  plots  of  the  PANA  and  DODPA  concentrations  versus 
stressing  time  at  370°F  for  the  TEL-4002  through  TEL-4005  oils 
shown  in  Figures  A-20-A-23  are  very  similar.  For  each  oil  the 
concentration  of  PANA  rapidly  decreases  during  the  early  stages 
of  oxidation  and  is  no  longer  detectable  (less  than  0.01  percent) 
after  approximately  30  hours  of  oxidation  (Figures  A-20-A-23) 
regardless  of  the  PANA's  original  concentration  or  the  oil's 
stable  life.  Although  only  a  few  points  are  available,  the  plots 
of  the  PANA  concentration  versus  stressing  time  appear  to  be 
linear  indicating  that  the  PANA  depletion  reaction  is  zero 
order. 

In  contrast  to  PANA,  the  rate  at  which  the  concentration  of 
DODPA  depletes  is  nonlinear  and  the  concentration  of  DODPA  is 
detectable  (greater  than  0.01  percent)  up  to  the  end  of  the  TEL- 
4002  through  TEL-4005  oils'  respective  stable  lives  (Figures  A- 
20-A-23).  Since  the  plot  of  the  concentration  of  DODPA  versus 
stressing  time  is  nonlinear,  In  of  the  DODPA  concentration  was 
plotted  versus  the  stressing  time  at  370°F  for  each  oil 
(Figures  A-20-A-23). 

The  plots  of  the  In  of  the  DODPA  concentration  versus 
stressing  time  for  the  TEL-4002  through  TEL-4005  oils  shown  in 
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Figure  A- 20.  The  Plots  of  the  Percent  (by  Weight)  of  the  Antioxidants,  PAHA  and  DODPA,  of  the  In  of 
the  Percent  (by  Weight)  of  DODPA,  and  of  the  Total  Acid  Number  (TAN)  versus  Stressing 
Time  at  370°F  for  the  TEL-4002  MIL-L-7808  Oil. 
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Figure  A— 22-  Plots  of  Percent  (by  Weight)  of  Antioxidants,  PAKA  and  DODPA,  of  the  In  of  Percent 
(by  Weight)  of  DODPA,  and  of  the  Total  Acid  Number  (TAN)  versus  Stressing  Time  at 
370°F  for  the  TEL-4004  KEL-L-7808  Oil. 
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Figure  A-23.  Plots  of  Percent  (by  Weight)  of  Antioxidants,  PANA  and  DODPA,  of  the  In  of  Percent 
(by  Weight)  of  DODPA,  and  of  the  Total  Acid  Number  (TAN)  versus  Stressing  Time  at 
370°F  for  the  TEL-4005  MIL-L-780S  Oil. 


Figures  A-20-A-23  consist  of  two  linear  sections  with  an  inflec¬ 
tion  point  occurring  at  about  40-50  hours  of  stressing  time.  The 
inflection  point  occurs  about  10-30  hours  after  the  PANA  is  no 
longer  detectable.  For  the  TEL-4002  through  TEL-4005  oils,  the 
linear  section  before  the  inflection  point  has  a  more  negative 
slope  (faster  rate  of  depletion),  than  the  linear  section  after 
the  inflection  point.  Therefore,  it  appears  that  the  DODPA 
depletion  reaction(s)  is  first  order,  and  the  rate  of  the  deple¬ 
tion  is  affected  by  the  presence  of  PANA  and/or  the  generated 
species  with  antioxidant  capacity.  However,  since  the  original 
concentration  of  PANA  has  an  effect  on  the  rate  at  which  the 
concentration  of  DODPA  decreases  with  stressing  ti  <e  and  on  the 
concentration  of  the  DODPA  at  the  ends  of  the  oils'  stable  lives 
(Figures  A-20-A-23),  the  concentration  of  the  DODPA  cannot  be 
directly  related  to  the  RLL  of  MIL-L-7808  oils  without  prior 
knowledge  of  the  original  PANA  concentration. 

A. 7  Antioxidant  Concentration  versus  Stressing  Time  at  370°F 
Plots"  for  the  TEL-lffff!  and  TEL- 4q66  M I L-L - 7 8 6 8 
Oils 


In  comparison  to  the  TEL-4002  through  TEL-4005  oils,  the 
antioxidant  systems  of  the  TEL-4001  and  TEL-4006  oils  are  compli¬ 
cated  by  the  presence  of  other  nitrogen  (possibly  phosphorus) 
containing  compounds  which  deplete  with  stressing  time  and  thus 
appear  to  have  antioxidant  capacity.  In  the  case  of  the  TEL-4001 
oil,  there  is  one  unknown  (1.6  minutes  in  Figure  A-16).  In  the 
TEL-4001  oil  the  octyl-PANA  is  no  longer  detectable  after  less 
than  30  hours  of  stressing  at  370°F  (Figure  A-24).  Since  only 
two  points  were  obtained,  no  conclusions  on  the  order  of  the 
depletion  reaction  of  octyl-PANA  can  be  made. 

In  contrast  to  the  octyl-PANA,  the  DODPA  is  detectable  past 
the  end  of  the  TEL-4001  oil's  stable  life  (105  hours  at  370°F). 

The  In  of  the  DODPA  concentration  was  plotted  versus  the  stress¬ 
ing  time  and  as  seen  in  Figure  A-24  the  In  of  the  DODPA  depletion 
reaction  is  linear.  Thus,  the  depletion  reaction  of  DODPA  is 
first  order.  However,  the  plot  of  the  DODPA  concentration  for 
the  TEL-4001  oil  (Figure  A-24)  does  not  show  an  inflection  point 
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Plots  of  Percent  (by  Weight)  of  Antioxidants,  Octyi-PAHA  and  DODPA,  of  the  In  of  Percent 
(by  Weight)  of  DODPA,  and  of  the  Total  Acid  Number  (TAN)  versus  Stressing  Time  at 
370°F  for  the  TEL-4001  MTL-L-7808  Oil. 
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as  did  the  plots  of  the  TEL-4002  through  TEL-4005  oils  (Figures 
A-20-A-23)  and  does  not  appear  to  be  affected  by  the  presence  of 
octyl-PANA. 

Since  the  nitrogen  containing  compound  producing  the  peak  at 
1.6  minutes  in  the  gas  chromatogram  of  the  TEL-4001  oil  is  un¬ 
known,  the  nitrogen  to  carbon  ratio  is  unknown,  which  is  needed 
in  the  calculation  of  the  compound's  concentration.  Therefore, 
to  study  the  relationship  between  the  unknown  compound  and 
stressing  time  at  370°F,  the  weight  fraction  at  each  stressing 
time  (t)  was  calculated  by  equation  (6). 
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weight  fraction  at  time  (t)  *  £ — - — — - - - - - - - - — -  (6) 

peak  area  of  unknown  in  fresh  oil 

The  plots  of  the  weight  fractions  of  the  unknown,  octyl-PANA,  and 
DODPA  for  the  TEL-4001  oil  were  plotted  versus  stressing  time  at 
370°F  and  are  presented  in  Figure  A-25. 

The  plot  of  the  unknown  versus  stressing  time  in  Figure  A-25 
shows  that  for  the  first  20  hours,  the  weight  fraction,  and 
consequently,  the  concentration  of  the  unknown  remains  constant. 
Once  the  octyl-PANA  is  depleted  (20  hours  at  370°F),  the  weight 
fraction  of  the  unknown  decreases  with  stressing  time  and  becomes 
undetectable  at  the  end  of  the  TEL-4001  oil's  stable  life.  The 
In  plot  of  the  unknown  versus  stressing  time  is  linear 
(Figure  A-25)  after  the  first  twenty  hours,  and  thus,  the  deple¬ 
tion  reaction  of  the  unknown  is  first  order. 

Therefors,  the  DODPA  and  unknown  compound  deplete  by  first 
order  reactions,  while  the  order  of  the  octyl-PANA  depletion 
reaction  could  not  be  determined  due  to  a  lack  of  data  points. 

The  DODPA  depletion  reaction  is  not  affected  by  the  presence  of 
octyl-PANA,  but  the  concentration  of  the  unknown  compound  does 
not  decrease  until  the  octyl-PANA  is  depleted. 

The  TEL-4006  oil's  gas  chromatograms  contain  three  peaks  at 
retention  times  of  2.6,  5.0,  and  8.1  minutes  (Figure  A-17).  As 
in  the  TEL-4001  oil,  the  octyl-PANA  is  no  longer  detectable  after 
less  than  30  hours  of  stressing  (Figure  A-26),  even  though  the 
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=  1.9  Minutes),  and  of  the  In  of  Weight  Fraction  of  Unknown  versus  Stressing 
at  370°F  for  the  TEL-4001  KIL-L-7808  Oil. 


Figure  A- 26.  Plots  of  Percent  (by  Weight)  of  Antioxidants,  Octyl-PANA  and  DODPA,  of  the  In  of  Percent 
of  DODPA,  of  the  Mg  Concentration,  and  of  the  Total  Acid  Number  (TAN)  versus  Stressing 
Time  at  370°F  for  the  TEL-4006  MIL-L-7808  Oil. 


original  concentrations  of  octyl-PANA  in  the  TEL-4001  and  TEL- 
4006  oils  were  0.62  and  1.34  percent,  respectively. 

Again  the  DODPA  is  detectable  at  the  end  of  the  TEL-4006 
oil's  stable  life.  However,  in  contrast  to  the  TEL-4001  oil 
(Figure  A-24),  the  In  plot  of  the  DODPA  concentration  versus 
stressing  time  for  the  TEL-4006  oil  consists  of  two  linear  sec¬ 
tions  (Figure  A-26).  The  In  plot  of  the  DODPA  concentration  has 
an  inflection  point  which  occurs  at  210  hours,  long  after  the 
octyl-PANA  is  depleted.  The  inflection  point  coincides  with  the 
initiation  of  the  Mg  corrosion  (Figure  A-26). 

As  was  the  case  for  the  TEL-4001  oil,  the  weight  fractions 
of  the  unknown  compounds  at  retention  times  of  2.6,  5.0,  and  8.1 
minutes  were  plotted  versus  stressing  time.  Since  the  plots  of 
the  unknown  compounds  are  similar,  only  the  weight  fraction  of 
the  5.0  minute  peak  was  plotted  with  the  weight  fractions  of 
octyl-PANA  and  DODPA  versus  the  stressing  time  at  370°F 
(Figure  A-27).  As  seen  in  Figure  A-27  the  plots  of  the  unknown 
and  DODPA  are  similar.  Although  the  In  plots  of  the  unknown  and 
DODPA  consist  of  linear  sections,  the  inflection  point  of  the 
unknown  occurs  at  40  hours,  10  hours  after  the  octyl-PANA  is 
depleted,  while  for  DODPA  the  inflection  point  occurs  at  210 
hours  (Figure  A-26). 

Therefore,  the  DODPA  and  unknown  compound's  depletion  reac¬ 
tions  are  first  order  while  the  order  of  the  octyl-PANA  depletion 
reaction  could  not  be  determined  due  to  the  lack  of  data  points. 
Although  the  DODPA  depletion  reaction  is  not  affected  by  the 
presence  of  octyl-PANA,  the  depletion  reactions  of  the  unknown 
compounds  are  affected. 

A.  8  Antioxidant  Concentration  versus  Stressinq  Time  at  370°F 

Plots  for  the  TEL-5001  MIL-L-73Q8  Oil 

The  antioxidant  plots  of  the  TEL-5001  oil  are  shown  in 
Figure  A-28.  The  plots  of  the  DODPA  concentration  in  the  TEL- 
5001  oil  (Figure  A-28)  show  that  DODPA  depletes  by  a  more 
complicated  mechanism  that  the  DODPA  in  the  TEL-4001  through  TEL- 
4006  oils  (Figures  A-20-A-27) .  For  the  first  90  hours  of 


PhenothiMine 


Plots  of  Percent  (by  Weight)  of  Antioxidants,  Phenothiazine  and  DODPA,  of  the  In  of 
Percent  (by  Weight)  of  DODPA,  and  of  Total  Acid  Number  (TAN)  versus  Stressing  Time  at 
370° F  for  the  TEL-5001  MIL-L-7808  Oil. 


stressing  at  3  70°F  the  DODPA  depletes  rapidly,  then  from  90  to 
190  hours  of  stressing  the  DODPA  concentration  remains  fairly 
constant,  and  after  190  hours  of  stressing  the  DODPA  again 
depletes  rapidly  until  it  is  no  longer  detectable  at  290  hours  of 
stressing.  The  slight  rate  increase  in  the  TAN  plot  corresponds 
with  the  stressing  time  (90  hours  at  370®F)  at  which  the  DODPA 
concentration  becomes  constant. 


In  contrast  to  DODPA,  phenothiaz ine  depletes  very  rapidly 
and  is  no  longer  detectable  after  only  20  hours  of  stressing. 

The  rapid  depletion  of  the  phenothiazine  is  similar  to  the  rapid 
depletion  of  PANA  and  octyl-PANA  in  the  TEL-4001  through  TEL-4006 
oils  (Figures  A-20-A-27).  The  lack  of  data  points  makes  the 
determination  of  the  order  of  the  depletion  reaction  for 
phenothiazine  unreliable. 

A. 9  Antioxidant  Concentration  versus  Stressing  Time  at  370°F 

Plots  for" the  TEL-5002  MIL-L-7666  oil 

The  antioxidant  plots  of  the  TEL-5002  oil  are  shown  in 
Figure  A-29.  The  plots  of  the  DODPA  concentration  in  Figure  A-29 
show  that  the  DODPA  in  the  TEL-5002  oil  depletes  by  a  first  order 
reaction.  However,  in  contrast  to  the  TEL-4001  and  TEL-4006  oils 
(Figures  A-24-A-27)  which  contain  octyl-PANA,  the  plot  of  the 
DODPA  for  the  TEL-5002  oil  (Figure  A-29)  contains  an  inflection 
point  at  the  stressing  time  the  octyl-PANA  is  no  longer 
detectable.  Thus,  the  DODPA  plot  of  the  TEL-5002  oil  is  more 
similar  to  the  DODPA  plots  of  the  PANA  containing  TEL-4002 
through  TEL-4005  oils  (Figures  A-20-A-23)  than  the  octyl-PANA 
containing  TEL-4001  and  TEL-4006  MIL-L-7808  oils  (Figures  A-24-A- 
27).  The  DODPA  is  detectable  past  the  end  of  the  TEL-5002  oils' 
stable  life  (viscosity  breakpoint)  of  110  hours  at  370°F. 

As  was  seen  for  the  TEL-4001  and  TEL-4006  oils,  the  octyl- 
PANA  in  the  TEL-5002  oil  (Figure  A-29)  depletes  very  rapidly  and 
is  no  longer  detectable  after  only  15  hours  of  stressing.  The 
lack  of  data  points  makes  the  determination  of  the  order  of  the 
octyl-PANA  depletion  reaction  unreliable. 
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Plots  of  Percent  (by  Weight)  of  the  Antioxidants,  Octyl-PANA  and  DODPA,  of  the  In  of 
Percent  (by  Weight)  of  DODPA,  and  of  Total  Acid  Number  (TAN)  versus  Stressing  Time  at 
370°F  for  the  TEL-5002  MIL-L-7808  Oil. 


A. 10  Antioxidant  Concentration  versus  Stressing  Time  at  392°F 

Plots  for  the  TEL-4001  through  TEL-4006  MIL-L-78Q8  Oils 

As  was  seen  for  the  MIL-L-7808  oils  stressed  at  370°F,  the 
plots  of  the  PANA  in  the  TEL-4002  through  TEL-4005  oils 
(Figures  A-30-A-33)  and  octyl-PANA  in  the  TEL-4001  and  TEL-4006 
oils  (Figures  A-34-A-35)  deplete  very  rapidly.  Regardless  of  the 
oils"  stable  lives  (60-160  hours)  at  392°F,  the  PANA  and  octyl- 
PANA  could  no  longer  be  detected  (less  than  0.01  percent)  in  the 
stressed  TEL-4001  through  TEL-4006  oils  (Figures  A-30-A-35)  after 
20  hours  of  stressing. 

The  plots  in  Figures  A-30-A-35  show  that  the  DODPA  depletes 
by  a  first  order  reaction  and  is  detectable  at  the  end  of  each 
oil's  stable  life.  As  with  the  stressed  oils  at  370°F,  the  DODPA 
plots  show  an  inflection  point  soon  after  the  PANA  is  depleted 
(TEL-4002  through  TEL-4005  oils)  and  not  when  octyl-PANA  is 
depleted  (TEL-4001  and  TEL-4006  oils).  The  DODPA  plot  of  the 
TEL-4006  oil  shows  an  inflection  point  near  the  end  of  its  stable 
life  as  it  did  at  370°F. 

The  unknown  compounds  in  the  TEL-4001  and  TEL-4006  oils 
(Figures  A-36  and  A-37)  depleted  by  first  order  reactions  at 
392°F  as  they  did  at  370°F  and  are  detectable  up  to  the  ends  of 
the  oils'  stable  lives. 


A . 1 1  Summary  of  the  MIL-L-7808  Oils'  Characteristics 

The  investigation  to  prepare  and  characterize  the  MIL-L- 
7808  oils  showed  that  the  TEL-4001  through  TEL-4006,  TEL-5001, 
and  TEL-5002  MIL-L-7808  oils  contain  a  variety  of  antioxidant 
systems  resulting  in  a  wide  range  of  stable  lives  at  stressing 
temperatures  of  370°  and  392°F.  The  TEL-4002  through  TEL-4005 
MIL-L-7808  oils  contain  differing  amounts  of  PANA  and  DODPA  and 
have  stable  lives  (average  of  viscosity  and  TAN  breakpoints  in 
Tables  A-l  and  A-2)  of  175,  240,  205,  and  155  hours  at  370°F  and 
of  90,  135,  85,  and  75  hours  at  392°F,  respectively. 
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Figure  A- 30.  Plots  of  Percent  (by  Weight)  of  Antioxidants,  PANA  and  DODPA,  of  the  In  of  the  Percent 
(by  Weight)  of  DODPA,  and  of  the  Total  Acid  Number  (TAN)  versus  Stressing  Time  at  392° F 
for  the  TEL-4002  MIL-L-7808  Oil. 


Stressing  Time  (Hours) 

Plots  of  the  Percent  (by  Weight)  of  the  Antioxidants,  PANA  and  DODPA,  of  the  In  o 
Percent  (by  Weight)  of  DODPA,  and  of  the  Total  Acid  Number  (TAN)  versus  Stressing 
;  at  392°F  for  the  TEL-4003  MIL-L-7808  Oil. 


Figure  A  32.  Plots  of  Percent  (by  Weight)  of  Antioxidants,  PANA  and  DODPA,  of  the  In  of  Percent  (by 
Weight)  of  DODPA,  and  of  the  Total  Acid  Humber  (IAN)  versus  Stressing  Time  at  392°F  for 
the  TEL-4004  iCL-L-7808  Oil. 


Figure  A-33.  Plots  of  Percent  (by  Weight)  of  Antioxidants,  PANA  and  DODPA,  of  the  In  of  Percent  (by 
Weight)  of  DODPA,  and  of  the  Total  Acid  Number  (TAN)  versus  Stressing  Time  at  392°F  for 
the  TEL-4005  MIL-L-7808  Oil. 


*l-35.  Plots  of  Percent  (by  Weight)  of  Antioxidants,  Octyl-PANA  and  DODPA,  of  the  In  of 
Percent  (by  Weight)  of  DODPA,  and  of  the  Total  Acid  Number  (TAN)  Versus  Stressing 
Time  at  392°F  for  the  TEL-4006  MIL-L-7808  Oil. 


In  addition  to  the  original  antioxidants  in  the  TEL-4002 
through  TEL-4005  oils,  species  are  generated  during  thermal- 
oxidation  stressing  which  appear  to  have  antioxidant  capacities, 
i.e.,  deplete  with  stressing  time. 

The  TEL-4001,  TEL-4006,  and  TEL-5002  MIL-L-7808  oils  con¬ 
tain  differing  amounts  of  octyl-PANA  and  DODPA  and  have  3table 
lives  of  105,  320,  and  110  (viscosity  breakpoint  for  TEL-5002 
oil)  hours  at  370°P,  respectively,  and  the  TEL-4001  and  TEL-4006 
oils  have  stable  lives  of  60  and  155  hours  at  392°F  (the  TEL-5001 
oil  was  not  stressed  at  392°F).  The  TEL-4001  and  TEL-4006  oils 
also  contain  unknown  compounds  that  appear  to  have  antioxidant 
capacities. 

The  TEL-5001  MIL-L-7808  oil  contains  phenothiazine 
(preliminary  determination)  and  DODPA  and  has  a  stable  life  of 
240  hours  (viscosity  breakpoint)  at  370°F.  The  stable  lives  of 
the  MIL-L-7808  oils  at  370°F  and  the  concentrations  of  the  an¬ 
tioxidants  in  the  fresh  MIL-L-7808  oils  are  listed  in  Table  5. 

The  PANA,  octyl-PANA,  and  phenothiazine  present  in  the 
different  MIL-L-7808  oils  deplete  rapidly  and  are  no  longer 
detectable  after  15-60  hours  of  stressing  at  370#F  and  after  5-25 
hours  of  stressing  at  392°F  regardless  of  the  oils'  stable  lives. 
The  order  of  the  PANA,  octyl-PANA,  and  phenothiazine  depletion 
reactions  could  not  be  determined  due  to  the  lack  of  data  points 
but  appeared  to  be  zero  order. 

The  DODPA  and  the  unknown  compounds  in  the  different  oils 
deplete  by  first  order  reactions  and  are  detectable  up  to  the  end 
of  the  oils'  stable  lives.  The  presence  of  PANA  has  a  strong 
effect  on  the  DODPA  depletion  reactions  in  the  TEL-4002  through 
TEL-4005  oils.  The  presence  of  octyl-PANA  has  a  strong  effect  on 
the  DODPA  depletion  reaction  in  the  TEL-5002  oil  but  does  not 
have  an  effect  on  the  DODPA  depletion  reactions  in  the  TEL-4001 
and  TEL-4006  oils.  The  octyl-PANA  does  affect  the  depletion 
reactions  of  the  unknown  compounds  in  the  TEL-4001  and  TEL-4006 
oils.  The  presence  of  phenothiazine  has  no  effect  on  the  DODPA 
depletion  reaction  in  the  TEL-5001  oil. 
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Since  PANA,  octyl-PANA,  and  phenothiazine  deplete  so 
rapidly  there  is  no  relationship  between  the  concentration  of 
PANA,  octyl-PANA,  or  phenothiazine,  and  the  RLL  of  a  stressed 
MIL-L-7808  oil.  Although  DODPA  is  detectable  up  to  the  end  of 
the  each  MIL-L-7808  oil's  stable  life,  the  rate  of  the  DODPA 
depletion  is  dependent  upon  the  original  concentration  of  PANA  or 
octyl-PANA  in  the  fresh  MIL-L-7808  oil.  Also,  the  concentration 
of  DODPA  at  the  end  of  each  MIL-L-7808  oil's  stable  life  is 
different.  Thus,  there  is  no  relationship  between  the  concentra¬ 
tion  of  the  DODPA  and  the  RLL  of  a  stressed  MIL-L-7808  oil. 


on  the  Apple  lie  monitor  and  printed  on  a  fj. 92  Microline  Printer, 
(Okidata,  Mt.  Laurel,  New  Jersey). 


$ 


$ 

ft 


Vi. 

I 


I 


*  “V 
!«: 


$ 

.■i 


b.  Differential  Scanning  Calorimetry 

The  high  pressure  and  hermetically-sealable  pan  DSC 
studies  were  performed  on  a  DuPont  9000/9900  Thermal  Analysis 
System  in  conjunction  with  a  910  cell  base  and  a  DSC  cell 
(atmospheric  pressure)  or  a  high  pressure-DSC  cell  (DuPont 
Instrument  Systems,  Wilmington,  Delaware).  The  900 
Computer/Thermal  Analysis  System  is  based  on  a  Texas  instruments 
Professional  computer,  CRT  display  screen  (to  view  data  from 
current  or  previous  experiments),  floppy  disk  data  storage, 
module  interface  and  a  two  or  six  pen  digital  plotter. 

The  threaded-sealable  pan  DSC  studies  were  performed  on 
a  Perkin  Elmer  7  Series  Thermal  Analysis  System  in  conjunction 
with  a  DSC  7  module  (Perkin  Elmer  Corporation,  Fairfield,  Ohio). 
The  Perkin  Elmer  7  Series  Thermal  Analysis  System  is  based  on  the 
PE7500  Professional  Computer,  CRT  display  screen  (to  view  data 
from  current  or  previous  analysis),  dual  floppy  disk  drives, 
module  interface,  and  a  graphics  plotter. 

c.  Fluor ime try 

The  fluorescence  investigation  was  performed  on  a 
Farrad  Spectrof luor imeter  MK-1  with  a  mercury  lamp  as  the  radiant 
energy  source.  The  wavelength  of  351  nm  was  used  to  excite  the 
samples. 

d.  Gas  Chromatography 

The  gas  chromatographic  analyses  were  performed  on  a 
Varian  Series  1860  Gas  Chromatograph  equipped  with  a  Varian 
Thermionic  Specific  Detector  (Varian  Associates,  Inc.,  Instrument 
Group,  Palo  Alto,  California).  The  detector  and  injection  ports 
were  set  at  350°C.  The  air  and  hydrogen  flow  rates  used  by  the 
detector  were  set  at  173  and  4.5  ml/minute,  respectively.  A 
helium  flow  rate  of  31  ml/minute  was  established  through  the  6 
ft.  x  1/8  inch  stainless  steel  column  which  was  packed  with  3 
percent  OV-1  on  Chromosorb  W  (80/100  mesh)  (Alltech  Associates, 
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APPENDIX  B  -  EQUIPMENT  AND  PROCEDURES 


B. 1  Introduction 

This  section  describes  the  instrumentation,  supplies  and 
procedures  used  to  develop  the  RLLAT  candidates.  The  equipment 
and  procedures  used  to  prepare  and  characterize  the  thermally- 
oxidized  MIL-L-7808  oils  are  also  described  herein. 

B. 2  Instrumentation 

a.  Voltammetry 

The  voltammetry  studies  were  performed  on  a  CV-1B 
Voltammetry  Electronics  Control  Module  [Bioanalytical  Systems, 

Inc.  (BAS),  West  Lafayette,  Indiana].  The  auxiliary  electrode 
was  a  platinum  wire  electrode  and  the  reported  potentials  were 
referenced  to  a  RE-1  Ag/AgCl  reference  electrode  (BAS).  The 
working  electrode  was  a  glassy  carbon  (GCE),  platinum  (PTE),  or 
thin  film  mercury  on  gold  (HG-AUE)  voltammetry  electrode  (BAS). 
The  HG-AUE  electrode  wa3  produced  by  allowing  a  drop  of  mercury 
to  sit  on  the  polished  surface  of  a  gold  voltammetry  electrode 
for  2-3  minutes.  The  excess  mercury  was  then  wiped  off  and 
smoothed  with  a  soft,  dry  tissue  to  produce  the  mirror-like 
finish  of  the  mercury-gold  amalgam  surface. 

The  cyclic  voltammograms  were  recorded  on  a  X-Y 
Recorder  (Hewlett-Packard,  Mosley  Division,  Palo  Alto, 
California).  The  reductive-cyclic  voltammograms  were  sampled, 
analyzed,  and  displayed  by  a  data  acquisition  system  based  on  an 
Apple  lie  microcomputer  (Apple  Computer,  Inc. ,  Cupertino, 
California).  The  output  of  the  CV-1B  module  was  converted  to 
digital  form  by  a  16  channel,  12  byte  analog/digital  converter, 
Model  AII3  (Interactive  Structures,  Bala  Cynwyd,  Pennsylvania), 
which  was  interfaced  with  the  Apple  lie  microcomputer.  The 
sampling  rate  was  controlled  by  a  Speed-Demon  card  (Microcomputer 
Technologies,  Santa  Monica,  California).  The  reductive-cyclic 
voltammograms  and  the  results  of  the  data  analyses  were  displayed 
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Inc.,  Deerfield,  Illinois).  The  gas  chromatograms  were  plotted 
and  integrated  by  a  Shimadzu  C-R3A  Computer  Integator  (Shimadzu 
Scientific  Instruments,  Columbia,  Maryland).  The  chart  speed  was 
3  cm/rainute. 

e.  Electrochemistry 

The  electrochemical  analyses  were  performed  on  a  COBRA 
(NAECO  Associates  Inc.,  Arlington,  Virginia). 

f.  Atomic  Emission  Spectrometry 

The  atomic  emission  spectrometric  analyses  were  per¬ 
formed  on  a  rotating  disk  electrode-spark  source-atomic  emission 
spectrometer,  (Engine  Oil  Analysis  Spectrometer,  Baird 
Corporation,  Bedford,  Massachusetts).  The  spectrometer  is 
capable  of  simultaneously  analyzing  for  Ag,  Al,  Cr,  Cu,  Fe,  Mg, 

Ni,  Pb,  Si,  and  Sn. 

B. 3  Suppl ies 

a.  Chemicals 

The  diphenylamine  (99  +  %  purity),  cumene  hydroperoxide 
(^80  percent  purity),  dicumene  peroxide  (^70  percent  purity),  and 
the  organic  bases;  pyridine,  pyrazine,  pyridazine,  quinoxaline, 
and  2,2*  dipyridyl  (97-99+%  purity)  were  obtained  from  Aldrich 
Chemical  Corporation,  Milwaukee,  Wisconsin.  The 
azobisisobutyronitrile  (AIBN)  (-\»98  percent  purity)  and  benzoic 
peroxide  (^80  percent  purity)  were  obtained  from  Fisher 
Scientific  (Cincinnati,  Ohio).  The  bis [4-( dimethylamino) 
dithiobenzil]  nickel  ( BDN )  was  obtained  from  Exciton  Chemicals 
(Dayton,  Ohio).  All  of  the  other  chemicals  useid  in  this  inves¬ 
tigation  were  ACS  certified  and  were  obtained  from  Fisher 
Scientific. 

b.  Solvents 

All  of  the  solvents  used  in  this  investigation  were 
obtained  from  Fisher  Scientific  and  were  ACS  certified. 


c.  Electrolytes 

The  lithium  perchlorate,  [LiClO^]  (ACS  certified)  and 
tetrabutyl ammonium  perchlorate  [(CH^CH^CHjCF^) ^NCIO^]  (^10  per¬ 
cent  H2Os  polarographic  grade)  were  obtained  from  Fisher 
Scientific.  The  tetraethylammonium  perchlorate  [ (CH_CH- ) .NC10 . ] 
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('vlO  percent  HjO:  polarographic  grade)  was  obtained  from 
Southwestern  Analytical  Chemicals,  Inc.,  Austin,  Texas. 

d.  Antioxidants 

The  generic  samples  of  the  N-phenyl-a-naphthylamine 
(PANA)  and  dioctyl  diphenylamine  (DODPA)  antioxidants  were  ob¬ 
tained  from  AFWAL/POSL.  The  N-( p-octylphenyl )- a-naphthylamine 
(octyl-PANA)  antioxidant  (Tradenames  Irganox  (LO-6)  v/as  obtained 
from  CIBA-GEIGY  Corporation,  Hawthorne,  New  York,  in  commercial 
grade  purity.  The  phenothiazine  (98  +  %  purity)  was  obtained 
from  Aldrich  Chemical  Company  in  ACS  reagent  grade. 

e.  Lubricating  Oils 

The  fresh  MIL-L-7808  lubricating  oils  (TEL-4001  through 
TEL-4006,  TEL-5001,  and  TEL-5002)  and  the  fresh  candidate  MIL-L- 
27502  lubricating  oil  were  obtained  from  AFWAL/POSL.  The  used 
MIL-L-7808  lubricating  oils,  OP-232-1  through  OP-232-43,  were 
also  obtained  from  AFWAL/POSL. 

The  authentic  used  MIL-L-7808  and  MIL-L-23699  lubricat¬ 
ing  oil  samples  were  obtained  from  gas  turbine  engines  of  Air 
Force  aircraft.  The  oil  samples  consist  of  a  series  of  oil 
samples  taken  from  representative  engines.  The  used  MIL-L-7808 
oil  samples  were  taken  from  F-100  and  J79  engines.  The  used  MIL¬ 
L-23699  oil  samples  were  all  taken  from  T56  engines. 

Each  series  of  oil  samples  was  taken  from  a  selected 
engine  and  consists  of  the  last  3-7  consecutive  oil  samples  prior 
to  engine  removal.  If  the  engine  removal  was  due  to  engine 
failure  without  prior  detection  by  the  Spectroraetr ic  Oil  Analysis 
Program  (SOAP),  the  oil  samples  are  referred  to  as  failures  (F). 


However^  if  the  engine  removal  was  due  to  a  maintenance  recommen¬ 
dation  of  SOAP  and  abnormal  wear  was  verified  by  inspection/  the 
oil  samples  are  referred  to  as  hits  (H). 

B. 4  Preparation  and  Characterization  of  Stressed 

T5L-4O0S  Oil  Samples 

To  prepare  the  stressed  oil  samples  used  in  Task  1  to 
initially  evaluate  the  identified  analytical  techniques/  400  ml 
of  fresh  TEL-4005  oil  was  measured  into  a  1  liter/  three  neck 
round  bottom  flask.  The  flask  was  then  fitted  with  an  Allihin 
condensor,  an  air  supply  tube  (supporting  the  metal  specimens) 
and  a  thermocouple  tube.  The  metal  specimens  (Metaspec  Company/ 
San  Antonio,  Texas)  were  placed  on  the  air  supply  tube  (separated 
by  9  mm  glass  spacers)  in  the  order  specified  by  Federal  Test 
Method  Standard  791  Method  5307.1:  aluminum  (402-C)  (bottom 
position);  silver  (402-H);  bronze,  silicon  (402-4616);  steel, 
carbon,  mild  (402B);  steel,  M-50  (402-M50);  magnesium  (402D);  and 
titanium  (420G)  (top  position).  The  dry  air  supply  was  obtained 
from  a  compressed  air  cylinder,  industrial  grade  (AIRCO,  Murray 
Hill,  New  Jersey)  and  was  controlled  by  a  602-flowmeter 
(Matheson,  Dayton,  Ohio). 

The  flask  was  then  placed  inside  a  1  liter  heating  mantle  to 
obtain  an  oil  temperature  of  175°C  (heating  mantle  temperature 
250°C ) .  The  oil  sample  required  approximately  one  hour  to  equi¬ 
librate  at  175°C.  An  air  flow  of  10  1/hr  was  established  through 
the  oil  sample  and  the  measurement  of  the  stable  life  was 
started.  Oil  samples  (30-40  ml)  were  withdrawn  at  24  hour  inter¬ 
vals  to  obtain  a  well  defined  stable  life.  Each  withdrawn  sample 
was  characterized  by  viscosity  (40°C).  The  values  obtained  for 
the  viscosity  were  plotted  versus  the  stressing  time  a3  shown  in 
Figure  B-l.  The  stable  life  of  the  TEL-4005  oil  at  175°C  under 
the  described  conditions  is  96  hours  (Figure  B-l). 

B *  ^  Preparation  and  Characterization  of  MIL-L-7808  Oils 

Stressed  at  370°  and  392aF 

The  aluminum  block  heating  medium  was  manufactured  so  that 
it  held  four  sample  tubes  as  per  specifications  given  in 
Reference  45.  All  of  the  glassware  and  metal  specimens  used  in 
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Figure  B-l,  Viscosity  versus  Stressing  Time  (175°C)  Plot  for  the  TEL-4005  Oil. 


this  investigation  were  manufactured  to  the  specifications  given 
in  Federal  Test  Method  Standard  No.  791B  Method  5307.1.  The  dry 
air  supply  for  the  oil  samples  heated  in  the  aluminum  block  was 
obtained  from  a  compressed  air  cylinder,  industrial  grade 
(AIRCO).  The  air  supply  was  split  into  one  separate  line  per  oil 
sample  and  the  flow  rate  of  each  line  was  controlled  using  a  602- 
flowmeter  (Matheson). 

After  450  ml  of  fresh  MIL-L-7808  lubricating  oil  was 
measured  into  the  four  sample  tubes,  each  sample  tube  was  then 
fitted  with  a  sample  tube  head,  an  Allihin  condensor,  an  air 
supply  tube  (supporting  the  metal  specimens)  and  a  thermocouple 
tube  as  specified  by  Federal  Test  Method  Standard  No.  791B  Method 
5307.1.  The  sample  tubes  were  then  placed  into  the  aluminum 
block  heating  medium.  The  temperature  of  each  oil  sample  was 
monitored  and  each  oil  sample  required  approximately  one  hour  to 
equilibrate  at  370°F  and  approximately  90  minutes  to  equilibrate 
at  392°F.  An  air  flow  of  10  1/hr  was  then  established  through 
each  oil  sample  and  the  measurement  of  the  stable  life  of  each 
oil  sample  was  started. 

Oil  samples  (30-40  ml)  were  withdrawn  at  16-48  hour  inter¬ 
vals  at  370°F  and  at  3-24  hour  intervals  at  392°F  so  that  a  well 
defined  stable  life  could  be  obtained  for  each  MIL-L-7808 
lubricating  oil.  Bach  withdrawn  oil  sample  was  characterized  by 
COBRA  (as  described  in  Reference  35),  viscosity  (40°C),  and  total 
acid  number  ( ASTM  Method  664)  measurements  and  by  magnesium 
concentrations  (atomic  emission  spectrometer  as  described  in 
Reference  46). 

The  values  obtained  for  the  COBRA,  viscosity,  and  total  acid 
number  measurements  and  the  Mg  concentrations  were  then  plotted 
versus  the  stressing  time  to  determine  the  stable  lives  of  the 
MIL-L-7808  oils  at  370°  and  392°t'  as  described  in  Appendix  A. 


Oils  Stressed  at  370°  and  3 92°F 


In  order  to  quantify  the  antioxidants  present  in  the  fresh 
and  stressed  MIL-L-7808  lubricating  oils,  an  internal  standard 
solution  prepared  from  diphenylamine  was  used.  A  drop  of  the 
internal  standard  solution  and  a  drop  of  the  oil  sample  were 
placed  in  a  vial.  Each  drop  was  weighed  to  the  nearest  0.0001  g. 
Approximately  2  ml  of  acetone  was  then  added  to  the  vial,  the 
vial  was  stoppered  and  shaken  by  hand  until  a  homogenous  solution 
was  obtained.  A  1  pi  sample  of  the  solution  was  then  injected 
into  the  GC.  The  column  temperature  was  programmed  to  start  at 
200°C,  increase  at  8°C/minute  to  325°C,  and  then  hold  at  325°C 
for  10  minutes.  The  concentration  (percent  by  weight)  of  each 
antioxidant  present  in  the  fresh  and  stressed  MIL-L-7808 
lubricating  oils  was  then  calculated  from  the  known  weights  of 
the  internal  standard  and  oil  sample. 

B . 7  Preparation  of  Stressed  TEL-4004  Oil  Samples  for  the 

RCV  Oil  Dilution  Study 

The  aluminum  block  heating  medium  was  used  to  heat  four  160 
ml  samples  of  TEL-4004  MIL-L-7808  lubricating  oil  using  the 
glassware  and  metal  specimens  specified  by  E'ederal  Test  Method 
Standard  791  Method  5307.1.  The  TEL-4004  oil  samples  required 
approximately  one  hour  to  equilibrate  at  347°F.  An  air  flow  of 
10  1/hr  was  then  established  through  each  oil  sample  and  the 
measurement  of  each  oil  sample's  stable  life  was  started. 

Oil  samples  (4-7  ml)  were  withdrawn  at  20-48  hour  intervals 
until  approximately  20  ml  of  oil  had  been  withdrawn.  Once  20  ml 
of  TEL-4004  oil  had  been  withdrawn,  20  ml  of  fresh  TEL-4001,  TEL- 
4003,  or  TEL-4004  MIL-L-7808  oil  was  added,  the  diluted  TEL-4004 
oil  sample  allowed  to  become  homogeneous  (approximately  30 
minutes),  and  then  an  oil  sample  (2-7  ml)  withdrawn.  This  proce¬ 
dure  of  withdrawing  samples  and  adding  oil  was  repeated  for  340 
hours  to  produce  two  stressed  TEL-4004  oil  samples  with  different 


RLL,  a  mixed  stressed  oil  sample  consisting  of  TEL-4004  and  TEL- 
4001  oils,  and  a  mixed  stressed  oil  sample  consisting  of  TEL-4004 
and  TEL-4003  oils. 

After  340  hours,  the  stressing  temperature  was  increased 
from  347PF  to  370°F  to  simulate  an  engine  going  from  normal  to 
abnormal  operating  conditions. 

Due  to  the  small  sizes  of  the  withdrawn  samples,  only  COBRA 
measurements  were  obtained  and  plotted  against  stressing  time  to 
estimate  the  degree  of  oxidation  of  each  oil  sample.  The 
withdrawn  oil  samples  were  then  analyzed  by  RCV  to  determine  the 
effects  of  oil  dilution  and  formulation  mixing  on  the  RLL  predic¬ 
tions  of  the  RCV. 

B. 8  Procedure  for  Analytical  Techniques  Capable  of  Oxidative 

Degradation  Es t ima t Iona 

a.  Hydroperoxide  Analyses 

(1)  Iodine  Liberation  Method  -  The  modified  procedures 
of  the  Mair  and  Graupner  iodine  liberation  methods  (Reference  23) 
are  given  in  Table  B-l.  The  only  modification  made  in  the  iodine 
liberation  methods  are  concerned  with  the  titration  of  the  reac¬ 
tion  Nal  solution  and  are  denoted  in  Table  B-l. 

(2)  Cyclic  Voltammetric  Method  -  The  cyclic  voltam- 
metric  peroxide  determinations  were  performed  with  platinum  and 
glassy  carbon  working  electrodes  on  300  f*l  oil  samples  diluted 
with  10  ml  of  acetone  (0.1  M  LiClO^).  The  diluted  oil  samples 
were  deaerated  with  a  steady  stream  of  nitrogen  for  3  minutes 
prior  to  analysis.  The  potential  range  of  +0.2  to  -2.0  V  was 
scanned  at  a  rate  of  500  mV/sec.  The  heights  of  the  produced 
reduction  waves  (-1.0  to  -1.7  V)  were  then  used  to  quantitate  the 
total  hydroperoxide  concentrations  of  the  oil  samples. 

b.  Permangana tome trie  Method 

A  25  ml  portion  of  0.01  N  KMnO^  solution  was  added  to  a 
250  ml  glass  erlenmeyer  flask,  along  with  10  ml  of  an  aqueous 
sulfuric  acid  solution  (volume  ratios  5  parts  HjSO^/l  part 
and  4  ml  of  an  MIL-L-7808  oil  sample.  The  flask  was  stoppered, 
then  gently  shaken  and  allowed  to  sit  undisturbed  or  stirred 
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Table  B-l 


IODINE  LIBERATION  METHODS  I,  II,  AND  III 


METHOD  I 

1.  Dissolve  2  g  of  Nal  in  35  ml  of  isopropanol  and  2.5  ml 
of  acetic  acid  in  a  250  ml  erlenmeyer  flask. 

2.  Add  4  ml  of  oil  sample  to  flask  with  swirling. 

3.  Reflux  for  five  minutes. 

4.  Add  20  ml  of  CCl^a. 

5.  Add  100  ml  of  distilled  water. 

6.  Add  5  ml  of  starch  indicator  solution  and  titrate  from  dark 
purple  to  colorless  with  standardized  0.005  N  sodium 
thiosulfate. 


Method  II  Method  III 


1. 

Reflux  50  ml  of  glacial  acetic 
acid  briefly 

Yes 

Yes 

2. 

Cool,  dissolve  6  g  of  Nal 

Yes 

Yes 

3. 

Add  3.0  ml  of  distilled  water 

Yes 

No 

4. 

Add  4  ml  of  oil  sample 

Yes 

Yes 

5. 

Add  2.0  ml  of  concentrated  HCl  acid 

No 

Yes 

6. 

Reflux  at  least 

20  min. 

50  min. 

7. 

Add  20  ml  of  CCL  a 

4 

Yes 

Yes 

8. 

Add  100  ml  of  distilled  water 

Yes 

Yes 

9. 

Titrate  with  0.005  N  sodium  thio¬ 
sulfate  and  starch  indicator 

Yes 

Yes 

aModif ication  made  in  Mair  and  Graupner 

Methods  I, 

II,  and  III 

separate  the  colored  oil  sample  from  the  aqueous  layer  so  that 
the  endpoint  (blue  to  clear)  could  be  determined. 
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vigorously  with  a  magnetic  stirring  bar  at  room  temperature  for  a 
predetermined  period  of  time.  After  the  predetermined  period  of 
reaction  time,  the  flask  was  unstoppered,  2  g  of  KI  was  added, 
and  the  mixture  was  shaken  until  the  KI  was  completely  dissolved. 
After  the  KI  was  dissolved,  20  ml  of  chloroform  and  65  ml  of 
distilled  water  were  added  to  the  flask  to  produce  a  100  ml 
aqueous  layer  (upper  layer)  containing  the  iodine  liberated  by 
unreacted  KMnO^  and  a  24  ml  lower  organic  layer  containing  the 
used  oil  sample.  The  liberated  iodine  in  the  aqueous  layer  was 
then  titrated  with  a  standardized  0.005N  sodium  thiosulfate 
solution  using  a  0.5  percent  aqueous  starch  solution  as  an 
indicator. 

c.  Electrical  Property  Measurements 

To  measure  the  resistance  and  capacitance  of  the 
selected  MIL-L-7808  oils,  a  100  ml  oil  sample  was  poured  into  a 
250  ml  beaker  containing  a  tunable  air  capacitor.  The  voltage 
readings  V  and  V  (Figure  53)  were  recorded  for  input  waveforms 
with  frequencies  of  10,  100,  and  1,000  Hz  to  obtain  the  resis¬ 
tance,  combined  resistance  and  capacitance,  and  capacitance, 
respectively,  of  the  oil  sample. 

d.  Fluorescence  Measurements 

To  measure  the  fluorescence  of  the  MIL-L-7808  oils,  the 
spectral  range  of  350  to  650  nm  was  monitored.  The  oil  samples 
were  analyzed  neat  in  a  3  ml  quartz  cell  with  a  10  mm  light 
path. 

B . 9  Procedure  for  Remaining  Lubricant  Life  Assessment 

Test  Candidates  ~ 

a.  Cyclic  Voltammetric  Techniques 

The  cyclic  voltammetric  techniques  were  performed  with 
the  CV-lB  Voltammetry  Electronics  Control  Module  and  recorded  on 
a  X-Y  Recorder.  After  the  initial  evaluations  of  different 
working  electrodes,  the  glassy  carbon  working  electrode  was  used 
for  all  of  the  cyclic  voltammetric  techniques.  The  auxiliary 


electrode  was  a  platinum  wire  electrode  and  the  reported  poten¬ 
tials  were  referenced  to  the  RE-1  Ag/AgCl  reference  electrode. 

All  of  the  cyclic  voltammetric  analyses  were  performed 
using  an  oil  cample  to  acetone  ratio  of  1:50.  The  acetone  con¬ 
tained  LiClO^  (0.1M)  as  the  electrolyte.  The  cyclic 
voltammograms  were  produced  by  scanning  from  0.0  V  to  1.1  V  then 
back  to  0.0  V  at  a  rate  of  500  mV/sec. 

The  cyclic  voltammograms  produced  in  the  presence  of 
organic  bases  were  performed  by  adding  the  appropriate  amount  of 
a  solution  containing  5  percent  organic  base  in  acetone  to  the 
diluted  oil  sample.  The  cyclic  voltammograms  in  the  presence  of 
an  organic  base  were  performed  by  applying  a  potential  of  +1.0  V 
to  the  working  electrode  and  immediately  decreasing  the  potential 
to  0.0  V  at  a  rate  of  500  mV/sec. 

b.  Reductive-Cyclic  Voltammetric  Techniques 

The  RCV  technique  was  performed  with  a  CV-lB 
Voltammetry  Electronics  Control  Module.  The  working  electrode 
was  a  glassy  carbon  voltammetry  electrode  and  the  auxiliary 
electrode  was  a  platinum  wire  electrode.  The  reported  potentials 
were  referenced  to  a  RE-1  Ag/AgCl  reference  electrode. 

All  of  the  RCV  analyses  were  performed  on  a  60  pi  oil 
sample  diluted  with  3  ml  of  acetone  containing  0.05M  LiClO^  and 
375  ppm  of  pyridazine.  Except  for  the  study  to  determine  the 
effects  of  multiple  scans  on  the  results  of  the  RCV  technique, 
the  RCV  voltammograms  were  produced  by  scanning  from  0.0  V  to  1.0 
V  then  back  to  0.0  V  at  a  rate  of  0.5  to  1.0  V/sec. 

For  the  effect  of  multiple  scan  study,  the  first  scan 
was  accomplished  by  applying  a  potential  of  0.6  V  to  the  working 
electrode  and  immediately  decreasing  the  potential  to  0.0  V  at  a 
rate  of  500  mV/sec.  The  remaining  scans  were  accomplished  by 
scanning  from  0,0  V  to  1.0  V  then  back  to  0.0  V  at  a  rate  of  500 
mV/sec. 

To  record  the  RCV  voltammograms  on  the  Apple  lie 
microcomputer  based  data  acquisition  system,  the  Apple  lie 
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microcomputer  was  programmed  to  sample  the  CV-lB  output  at  ap¬ 
proximately  70  msec  intervals.  The  signal  of  the  oxidation  wave 
was  nullified  by  having  the  computer  net  its  gain  to  zero.  The 
computer  recorded  data  was  obtained  by  pushing  the  "A"  key  of  the 
Apple  lie  keyboard.  The  Apple  lie  was  programmed  to  simul¬ 
taneously  start  the  data  acquisition  procedure  and  close  the  scan 
switch  (start  scanning)  of  the  CV-lB  Module  when  the  "A"  key  was 
pushed.  The  data  requisition  was  performed  for  ten  cycles  at  a 
scan  rate  of  1.0  V/sec.  The  maximum  reduction  wave  height  (minus 
the  blank's  reduction  wave  height),  the  In  value  of  the  maximum 
reduction  wave  height,  and  the  percent  RLL  of  the  oil  sample  were 
then  calculated  and  printed  out  on  the  fx9 2  Microline  Printer. 

The  computer  program  used  to  control  the  data  acquisition  of  the 
Apple  lie  microcomputer  and  to  calculate  the  percent  RLL  of  the 
oil  sample  was  written  in  Basic  language  and  is  listed  in  Figure 
B-2. 

c.  Differential  Scanning  Calorimetric  Techniques 

(1)  High  Pressure-Differential  Scanning  Calorimetric 
Technique  -  Once  the  high  pressure  cell  of  the  DuPont  9000/9900 
Thermal  System  reached  equilibrium  at  200°-250°C  (250°C  optimum 
temperature)  a  weighed  sample  (approximately  2  mg  equivalent  to 
2.5  f*l  by  volume)  was  placed  in  a  Solid  Fat  Index  (SFI)  container 
which  is  an  aluminum  DSC  pan  with  etched  interior  surfaces.  The 
lid  was  laid  on  top  of  the  SFI  container  and  the  SFI  container 
was  placed  in  the  HP-DSC  cell.  The  HP-DSC  cell  was  immediately 
closed  and  then  pressurized  with  oxygen  to  100-500  psig  (200  psig 
optimum).  The  moment  the  pan  was  placed  in  the  cell  is  equal  to 
0.0  minutes.  On  average  the  pan  reached  temperature  equilibrium 
(250°C)  in  30  seconds  and  the  pressure  of  the  cell  reached  200 
psig  in  60  seconds.  The  temperature  was  held  at  250#C 
(isothermal)  for  up  to  15  minutes  to  produce  the  thermogram  of 
the  oil  sample  (Figure  31).  The  thermogram  was  then  analyzed  as 
described  in  Section  2. 

(2)  Hermetically  Sealed  Pan-Differential  Scanning 
Calorimetric  Techniques  -  Once  the  DSC  cell  of  the  DuPont 
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«0  POKE  -  16293,  01  SEK  0 FT 
90  N  »  300 

100  NEM  - All  3  IN(T~ -  (INITIALIZE  A/D  CONVERTER) 


110  nlMEM i  31144 

*£0  0«  •  CHR*  <4 >  I M  -  IiBlOT  »  S 

120  PRINT  DS'/'DLOAD  GETA1 1 3.  DCl.AV .  A*95<&0' " 

140  DIM  A*<1,M>.D*<N>,P<13) 

130  A*<0. 0)  «  SLOT 
ie.0  ««u.0>  •  -  et 

£00  HEM  - - Alia  SET - 

210  GA  «  1 

6',-.0  A*<0,  1  >  -  0  ♦  GA  *  16 
POKE  25.  5 

230  REM  i—  PLOT  SET - 

£40  XO  ■  0iVO  •  0«UO  -  0iVO  -  189 
250  XPi  -  NIY'M  -  4096 «UM  -  £79lVM  -  0 
£L0  MX  ■  IUO  -  UM>  /  <XO  -  XM) 

£70  f*y  a  (VO  -  VM>  /  (VO  -  VM) 

250  BX  -  UO  -  MX  *  XO 

£90  BY  a  VO  -  MV  *  VO 

3B0  PR*  01  GOTO  43(1 

390  IF  L  I  >0  THEN  GOTO  1090 

400  PRINT  “RUN  100*  LIKE  STANDARD" 

410  PRINT  "HIT  L" 

420  GET  C»i  GOTO  £00(0 
425  PR*  0 

430  IF  B  <  )  0  THEN  GOTO  390 

440  PRINT  “RUN  0*  LIFE  STANDARD" 

450  PRINT  "HIT  B" 

tfc0  GET  C*l  GOTO  £000 

1090  PRINT  "ENTER  BAMPlE  TYPE" 

1092  PRINT  "HIT  'S’  IF  0K  LIFE  STANDARD" 

1093  PRINT  "HIT  '  L’  IF  10054  «_IFE  STANDARD"  (TYPE  OF  SAMPLE  TO  BE  ANALYZED) 

1094  PRINT  "HIT  'S’  IF  OIL  SAMPLE" 

1095  GET  C4 


1096  IF  C*  -  "8"  THEN  8-0 

1097  IF  C*  -  "S"  THEN  PRINT  »  ENTER  SAMPLE  IDENTIFICATION"!  INPUT 

S6 

£000  REM  - AQIURE - 

£005  HGR  I  HCOLOft-  3l  HPLOT  0.  VC) 

£006  POKE  -  16293,0,1  AEM  ON  (START  DATA  ACQUISITION) 

£0£0  FDR  X  -  0  TO  N 


£040  POKE  8,  ll  CALL  33 144 
£050  D*(X>  -  A*<1.  1) 

£060  U  ■  MX  *  X  +  BX 
£070  V  a  MV  *  DK (X )  ♦  SY 
£090  NEXT  X 

£091  POKE  -  16296. 1 l  REM  OFF 
£100  N  a  N  -  It  TEXT  I  GOTO  400* 

3000  REM  -—.—SAVE - - 

3010  INPUT  "FIi_F.  NAME  "  «F» 

30 £0  PRINT  D* I "OPEN  "tF* 

3030  PRINT  Dt I" UNITE  ‘tF6 
3040  FOR  I  a  0  TO  N 


Figure  B-2.  Computer  Program  Used  to  Acquire  Data  and  Calculate  the  Remaining 
Lubricant  Life  on  the  Apple  He  Microcomputer. 
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Figure  B~2. 

Computer  Program  Used  to  Acquire  Data  and  Calculate  the  Remaining 

Lubricant  Life  on  the  Apple  He  Microcomputer.  (Concluded). 
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9000/9900  Thermal  System  reached  equilibrium  at  the  preset  tem¬ 
perature,  a  0. 2-2.0  sample  (0.2  **1  optimum)  was  pipetted  into 
the  DSC  pan.  After  the  hermetic  cover  was  placed  into  the  DSC 
pan,  the  DSC  pan  was  placed  in  the  lower  hermetic  die.  The  DSC 
pan  was  then  hermetically  sealed  using  the  preforming  tool  and 
sample  encapsulating  press. 

In  the  case  of  the  oxygen  atmosphere,  the  DSC  pan 
containing  the  sample,  the  hermetic  cover,  and  the  sample  encap¬ 
sulating  press  were  placed  inside  a  glove  bag.  The  glove  bag  was 
purged  of  air  by  a  strong  flow  of  oxygen  for  about  5  minutes. 

The  flap  of  the  glove  bag  was  then  loosely  folded  and  clipped, 
and  the  oxygen  flow  was  adjusted  to  a  rate  that  kept  the  glove 
bag  slightly  inflated  during  the  sealing  procedure.  The  DSC  pan 
was  then  hermetically  sealed  as  previously  described. 

The  hermetically  sealed  pan  was  then  placed  in  the  DSC 
cell  and  the  analysis  time  started  immediately  upon  closure  of 
the  DSC  cell.  The  temperature  of  the  DSC  cell  was  held  at  the 
initial  temperature  for  1  minute.  The  temperature  was  then  held 
constant  at  the  initial  temperature  until  the  completion  of  the 
test  (isothermal)  or  increased  at  a  rate  of  3®C/minute  until  the 
completion  of  the  test  (ramped).  The  thermogram  displayed  in 
Figure  104  demonstrates  the  method  used  to  determine  the  onset  of 
oxidation  time. 

(3)  Threaded  Sealed  Pan-Differential  Scanning  Calorimetric 
Technique  -  Once  the  DSC  cell  of  the  Perkin  Elmer  7  Series 
Thermal  System  reached  equilibrium  at  100°C,  a  2  (*1  sample  was 
pippetted  into  the  lower  half  of  the  stainless  steel,  threaded 
DSC  pan.  A  copper  ring  was  placed  on  the  guiding  pins  of  the 
sealing  tool.  The  upper  and  lower  halves  of  the  pan  were  screwed 
together  to  seal  the  pan.  The  sealed  pan  was  then  placed  in  the 
DSC  cell  and  the  temperature  allowed  to  come  to  equilibrium  for  1 
minute.  The  analysis  time  was  initiated  by  increasing  the  tem¬ 
perature  from  100°  to  250°C  at  500°C/minute.  Once  the 
temperature  of  the  sample  reached  250°C,  the  temperature  was  held 
constant  until  the  completion  of  the  test. 


d.  Chemical  Stressing  Technique 

(1)  Colorimetric  Technique 

The  appropriate  amount  (0.75  ml  optimum)  of  a  BDN 

-4 

solution  (3.03  x  10  M)  prepared  in  toluene  and  10-50  (il  (35  fil 
optimum)  MIL-L-7808  oil  sample  were  pipetted  into  a  1  dram,  flint 
*  glass  vial.  The  cumene  hydroperoxide  (0.50  ml)  was  then  added  to 

the  reaction  system,  the  vial  was  stoppered,  shaken  by  hand,  and 
,  then  placed  inside  an  aluminum  block  heated  to  25°“40°C  (35#C 

optimum).  The  vial  was  positioned  in  front  of  a  detector  (UDT 
10DP,  United  Detector  Technology,  Santa  Monica,  California.  A  2 
mm  diameter,  2  mW  beam  from  a  Helium-Neon  Laser  ( Spectrophysics 
Model  133,  Mountain  View,  California)  with  a  wavelength  of  632.8 
nm  was  aligned  so  that  it  passed  through  the  vial  onto  the 
detector.  In  order  to  cancel  signals  from  room  light,  the  laser 
beam  was  passed  through  a  chopper  and  associated  lock-in¬ 
amplifier  (PAR,  Dynatiac  3,  Stanford,  Connecticut).  The  signal 
from  the  detector  was  amplified  and  then  plotted  versus  time  on  a 
X-Y  Recorder  (Houston  Instruments,  Model  2000).  The  BDN 
decoloration  induction  time  is  defined  as  the  length  of  reaction 
time  required  to  obtain  a  25  percent  decrease  in  the  absorption 
of  the  BDN  solution. 

(2)  Modified  Ford  Method  -  Once  the  temperature  of  the 
reaction  system  stabilized  at  60°C,  a  magnetic  stirrer,  4  ml  of 
the  AIBN  in  chlorobenzene  (0.2-0. 5  M)  (0.2  M  optimum)  solution, 
and  20  ^1  of  the  oil  sample  were  pipetted  into  the  25  ml  flask. 
Oxygen  was  then  bubbled  rapidly  through  the  reaction  solution  for 
one  minute.  After  one  minute  the  oxygen  flow  was  stopped  and  the 

k  oxygen  inlet  tube  removed.  The  reaction  system  was  sealed  off 

with  a  sleeve  type  serum  bottle  stopper  and  the  temperature 
allowed  to  equilibrate  for  two  minutes  with  continuous  stirring. 

’  An  easily  oxidizable  substance  [benzaldehyde  (0.5  ml)  optimum] 

was  then  injected  through  the  stopper  into  the  stirred  reaction 
solution.  An  equal  volume  of  oxygen  was  removed  with  the  syringe 
to  set  the  pressure  of  the  reaction  vessel  to  atmospheric  pres¬ 
sure  (columns  of  acetone  in  the  U-tube  manometer  level).  The 
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reaction  time  of  0  minutes  coincides  with  the  leveling  of  the 
acetone  columns.  The  pressure  changes  of  the  reaction  system 
were  monitored  by  recording  the  pressure  every  30  to  60  seconds 
and  then  plotting  the  pressure  changes  versus  reaction  time 
(Figure  45).  The  induction  time  for  this  work  is  defined  as  the 
length  of  time  required  for  the  oxygen  absorption  to  result  in  a 
pressure  decrease  of  18  Torr. 
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